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1. INTRODUCTION

It is now generally accepted that the behaviour of a reactive material
needs to be considered in terms of its explosive, its thermal and its mech-
anical properties. Most explosives deform hefore initiation and the details
of this deformation determine how energy can be localised to give "hot spots".
Once heat is produced locally the ''hot spot" temperature is controlled by
the heat being produced and the flow of heat away from the "hot spot”. To
understand this process it is important to have the reaction parameters of
the explosive and thermal properties such as specific heat and conductivity.
For many explosives, particularly new compositions, these are not always
known accurately.

The research on this coatraci has considercd the mechanical and thermal
properties in some detail. Studies of initiation and propagation have been
greatly aided by high-speed photography. Research on reaction kinetics and
thermal properties has used mass spectroscopy, differential scanning calori-
metry (DSC), thermogravimetric analysis (TG) and scanning electron microscopy.
Mechanical properties experiments include measurements of hardness, yield
strength, coefficient of friction and f{raciure surface emergy.

The four areas of work described in this report have either been
published (sections Z,3,4) or are ready for submission (section 1),
The texts of these papers are given in full.
THE IGNITION OF A THIN LAYER OF EXPLOSIVE BY IMPACT; THE EFFECT OF ADDED

POLYMER PARTICLES. G.M. Swallowe and J.E. Field.

2.1 Introducticn

A study of the deformation behaviour of a thin layer of material when
impacted is relevant to a range of problems including the sensitiveness of
explosives. A standard test procedure for assessing the hazard involved in
handling expleosive materials is to impact a sample (typically 20~50 mg) with
a falling weight. The sensitiveness of a sample is usually expressed in
terms of a 507 drop height to cause ignition {(i.e. the height from which the
weight would ignite 50% of a series of samples). There are standard methods
for obtaining the 507 height (see, for example, Dixon and Massey, 1957). However
although the test has been used for many decades it is only recently that
a systematic attempt has been made to photograph the sample during its N
deformation (Heaveus, 1973, Heavens and Field 1974). A combination of
high-speed photography combined with pressure measuring techniques helped
establish the physical processes occurring during ignition and propagation.

In general it is thought that the initiation of an explosive by mech-
anical shock is thermal in origin, although some workers helieve that a
tribochemical or a molecular fracture mech..nism may be responsible in certain
circumstances (Taylor and Weale, 1932, Ubbolohde, 1948, Fox, 1970). On the
basis of localized thermal energy or "tot spots" as the source of the ex-
plosion, four possible mechanisms have been envisaged for ignition by impact.

(i) Adiatatic compression of trapped gas spaces (Bowden, Mulcahy, Vianes
and Yoffe, 1947, Chaudhri and Field, 1974V,

(31) Viscous heating of material rapidly cxtruded between the impacting
surfaces (Eirich and Tabor 1947, Bolkhoviwinov and Pokhil 1958) or by capi-
ilary flow between grains (Rideal and Robartson, 1948),
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(iii) Friction between the impacting surfaces and/or grit particles
and/or grains of the material (Bowden and Curton, 1949).

{iv) Localised adiabatic deformation of the thin layer upon mechanxcal
failure (Afanas'ev and Bobolev,1971, Winter and Field, 1975).

It was shoun quite convincingly (Bowden et al, 1947) that the presence
of gas bubbles affected the impact sensitiveness of nitroglycerine,and
Bowden maintained repeatedly (Bowden and Yoffe, 1949, 1952, 1958, Bowden,
1950, 1963) that mechanism (i) was the primary cause of ignition, not only
in liquids but also in solid explosives. This view has with equal persis-~
tence been rojected by the Russian school of thought (Andreev, Maurina and
Rusakova 1955, Bolkhovitinov, 1939, Afanas'ev and Bobolev,1971). In impact
experiments on solid explosive materials it was discovered (Kholevo, 1946)
that the sensitiveness was considerably reduced if the sample was prevented
from flowing. Afanas'ev and Bobolcv(196)) produced evidence from strain-
gauge experiments which suggested that during impact the sample suddenly - .
undergoes a type of fracture. These authors proposed a mechanism of hot-
spot formation by the release of energy along slip surfaces formed at the
onset of mechanical failure {(Afanas'ev and Bobolev,l97l Afanas'ey, Bobolev,
Kazarova and Karabanov 1972).

" The high-speed camera work of Heavens and Field (1974) showed that
impacted samples in the drop-weight test may undergo bulk plastic flow,
show evidence of partial fusion and even (with PETN) melt completely. The
flow speed during these processes is considercble and way reach a few 100 ms .
Ignition occurrcd at a small number of local hot-spots. .Strain gauge measure-
ments showed that pressures of typically 0.5 - 1 GPa (5 - 10 kbar) were ach-
ieved. 1f a sample failed by plastic flow this was accompanied by a sharp
pressure drop, It was after the pressure drop that the high velocity flow
phenomena took place and igniticn occurred. Hot-spots were thought to be
caused either by local obstructions in the flow or by the rapid closure of
gas.pockets trapped in the material.

Recent work has been concerned with studying the effect of added grit
particles in greater detail, The case of the hard, high melting point
particle is reasonably well understocd (Bowden and Gurton 1949, Bowden and
Yoffe 1952, Ubbelholde 1948). The basic idea is that when two solids rub or
impact together the hot-spot temperature at. the interface is deterwmined. by
the solid with the lowest melting point. Properties such as thermal con-
ductivity and hardness are important but only as second-order effects. In
fact by chosing grits of different melting point and measuring the impact
sensitivencss Bowden and Gurton were able to measure hot-spot ignition
temperatures for a range of explosives. The hot-spot temperature found
by these workers for PEIN in a drop-weight 1mpact situation was ca. 700 K
for hot-spots of micron dimensions.

It is now known that certain polymers such as polycarbonate (PC): and
polysulphone (PS) can also sensitise explosives in the drop-~weight test
though others such as polypropylene (I'P) do not (Bean 1673). At first
sight this result appears surprising since polyrers are relatively soft
and have soficning temperatures usually well below the 700 K mentioned
above. The primary object of our new work was to try to understand the
mechanisms by which some polymers give incrcased sensitiveness and why others
do not. At the start it appcared possible that the explanation could be a




chemical one based on the production of free radicals which aided the
reaction kinetics of the explosive or a mechanical one in which hot-spots
were produced by the deformation of the polymer. The first experiments
were concerned with possible chemical effects and used techniques such as
differential scanning calorimetry (DSC) and thermogravimetric analysis (TG).
The mechanical effects were studied using the photographic and pressure
measuring techniques described earlier.

2.2 Studies of Chemical Effects

Experimental

These experiments involved measuring the reaction parameters for decom—
position of pure explosive and explosive/polymer mixtures and assessing
any differences. The apparatus used was a Stanton-Redcroft TG~750 thermo-
balance whichallows the weight of the sample to be monitored whilst it is
heated at a constant rate, thus giving a weight-loss versus temperature
curve. The samples used consisted of v1 mg lots of a mixture containing
25% (by weight) of polymer to 75% explosive. This percentage of polymer
is much greater than likely tn be found in practice, but was chosen to
amplify any interaction. The explosive used in all these experiments was
pentaerythritol tetranitrate (PEIN). The analysis follows the method
of Hauser and Field (1978 and section 3 of this report) and so is only
briefly outlined here.

Decomposition is assumed to follow an equation of the form

dv

dt
with w the fractional residual weight at time t, E the activation energy,
A the frequency factor, u the reaction order and T the temperature. Since

the heating rate H is constant, one may write dT/dt = H. Substituting
in equation 1 and taking logsyields:

= - A exp(-E/RT)w" )

dw A E
logg lni-— grtoalaw . (2)

Thus a plot of (ln dw/dT ~ n Iln w) against 1/T gives a straight line if

n has been chosen correctly. The value of E is determined from the slope

of the line and A from its intercept. The analysis was carried out om the
Cambridge IBM 370/165 computer. The programs used fit a cubic spline to '
the original data and produce differentials which are then used to give plots
of (1 ~ n In w) against 1/T for values of n from O to 2 in steps of 0.2.
The straightest section of these curves for each stage of the reaction

there may be more than one) was then selected by eye and the appropriate
values of n, E and A obtained. The method is illustrated by the activation
energy plot for a sample of pentaerythritol tetranitrate (PETN) in Figure t.
The technique was assessed in two ways. Firstly by using the obtained
reaction psrameters and simulating a decomposition curve which could be
compated with the original. Secondly, the dehydration of calcium oxalate
monchydrate was observed.

CaC,0 uzo hd c;c204 + H0

274 2




This reaction is well understood and the reaction parameters are well docu-
mented in the literature (Gurrieri, Siracusa, Cali, 1974, Freeman, Carroll,
1958). The results obtained with the technique outlined above were in good
agreement with the literature values and are set out in Table I.

Table 1: Dehydration of Calcium Oxalate Monohydrate

E/kJ mo:l'-l in A/ln c—l
This work 89.5 % 3 20.2
Literature 88.6 21.1

Results

(a) Thermal decomposition of PETN/polymer samples

The polymers reported to sensitise PETN (Bean, 1973) were polycarbon-
ate (PC), polysulphone amber (PS) and to a lesser extent polypropylenme (PP).
Results obtained in this work confirmed the dramatic effect produced by P§
and PC but showed very little increased sensitivity in the presence of PP .
Saoples of these polymers supplied by AWRE were ground in a freezer mill to
sizes of <76 um and then mixed with PEIN to prodg?e experimental samples,
The heating rate used throughout was 10 deg min and the purger gas
nitrogen or argon. The results are summarised in Table 2, the figures
listed being averages of between three and seven different experiments.

Table 2: Effect of Polymeric Additives on the Thermal
i Decomposition of PETN

Sample  E/kmol” E/kimol” laA/lns | InAflus w TR
PETN 1432 s 193 X 7 31 24 4 1o 0.7 478
PETN+PC 130 £ 10 214 30 30%s 53 210 1.0 476
PETN+PP 122 235 172 215 2824 st 26 0.6 477
PETN+PS 170 ¥ 10 231 I20 0%, 49 210 1.0 47

In each case, a two stage reaction was observed (Figure 1), the first
stage being identified with the sublimation of PETN (E_,A ) and the second
its decomposition (Ed,A ). The values obtained for thé altivation energies
of sublimation 043 £ 5 kJ mol1~1)and decomposition (193 # 7 kJ mol~l) are in
good agreement with the literature values. Cundall, Palwer and Wood,(1977)
quote 150.4 kJ mol™! for the sublimation of PEIN while Roberston (1948),
Rogers and Morris (1966) Maycock and Verneker(1970) and Ng, Field and Hauser
(1976) give values for the decomposition of 197,198,188 and 192 kJ mol™
respectively. The value for 1n Ay of 43.5 is also in good agreement with
the 45.6 reported by Robertson (1948).

A larger spread is observed in the values of E, in the PETN/additive
samples than the pure PETN. However, alttough some activation energy
differences are observed, there are no significant changes or consistent
trends. The values of frequency factor are much less accurate than those
of activation energy since they have been obtained by measuring the intercept

* The sensitising effect reported by Bean for PP in PETN is surprising
and we query the effect. 1t is contrary to our results and in fact Bean's
results for PP in other explosives show little or no positive effect,.
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rather than the slope. Again within the errors of measurement,they show no
significant changes from the values for pure PETN. If the additive had
significantly affected the reaction towards greatly increaged reaction rate
then A should have increased and E decreased. Table 2 shows that only small
changes in A and E took place, and further that any changes of A and E
tended to cancel (i.e. as A increases, E also increases and vice versa).

The only consistently observable feature in the results is a change
in the value of n from 0.7 to 1.0 (except in the case of PP). A value of
n ca. 0.7 implies a surface reaction (for which n = 2/3) and n = 1.0
is the value one would expect for a bulk reaction. The explanation for
this is that the high proportion (25%) of filler material distributed
throughout the sample breaks up the PETK giving it a greater surface area,
thus favouring a bulk rather than a purely surface reaction. The result
for PP i explained by the fact that it softens and melts at a lower temp-
erature than the other polymers. PETN/PP samples were observed to give
droplets of polymer which then coalesced to form one drop. This effectively
removed the dispersion of particles which gives n approaching unity leaving
a surface reaction with n ca. 2/3.

(b) Thermal decomposition of PETN/Benzoyl peroxide samples

The results of the preceeding section show that the additives tested
have very little effect on the thermal decomposition of PETN. It may,
therefore be concluded that their sensitising effect is not due to polymer
decomposition products interacting with PETN. However, the possibility
still exists that, when polymers fracture or flow during impact, large con-
centrations of free radicals may be produced, and these could react with
PETN and cause ignition. Walker and Green (1976) have proposed that the
mechanical production of free redicals is importani in initiation and have
done some experiments in which they find that tetramethylammonium tribo-
hydride (a free radical donor) causes increased reaction with ammonium
nitrate.

In order to test this hypothesis, mixtures of benzoyl peroxide and
PETN were used in a series of TG experiments. Benzoyl peroxide is an
organic oxide which thermally breaks down in the temperature range 310
to 350 K to form two identical free radicals
.0 .

8 P
CeHg - C=0-0-C=-ChHy »2CH, - Cly > 2cH, + 200,

It is widely used in the polywer industry as a 'starter' material for
free radical polymerisation as it provides.a good source of easily formed
free radicals,

A number of TG runs were carried out on both benzoyl peroxide by
itself and two PETN/benzoyl peroxide mixtures., The mixtures used had cow
positions of 75% to 25% and 932 to 7% by weight of PETN/benzoyl peroxide.

Due to the decomposition of the benzoyl peroxide, the only activation
energy that can be estimated is the decomposition of PETN, the sublimation
stage being buried in the benzoyl peroxide reac:ion. Simulated computer
decompositions of these mixtures were made by combining 75% of the numerical
value of pure PETN run with 25Z of the numericel value of a pure benzoyl
peroxide run (and similarly for the 93/7 mix). The figures thus obtained
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were treated as 1f they had been veal data and the analysis carried out in
the usual manuer., Comparison of the B,4 ond n values ohtained in real

and simulated experiments, Table 3., reveals that what appears at first to
be a very strong chemical iateraction is duc te tie combined effects of
the two materials acting independertly.

Table 3: Keaction Parameters for PLIN/Benzoyl Peroxide (h.p.) Sum

Sample Ed/kJ w1 ' in Ad/Ln S'-1 n

e e an
' 25% b.p. 75% vETN 120 6 29 1 2 6.6

25Z b.p. 752 PETN 43+ 29 33 5, 2/3

{Simulation)

(¢) Effect of ultra-viclet Jight on the thermal decomposition of PEIN/prit
samples

As a3 further test of the free-radical initiaticn hypothesis, PETN/
additive samples weve irvadiated with ultra-violet light as they were being
= heated in the TC. U-V isfrequently effcctive ian degrading pelymers by
breaking chains with the fermation of free radicals. DBoth PP and PS are
susceptible to phatodegradation by U-V whereas PC is degraded relatively
much less. It would therefome be expecred that, if free radircals ave
important in scusitising PEIN, both PP and IS in combination with U-V should
show an appreciable effect and PC ijttle or no effect. The results obtained
.1n these experiments are sct out in Table 4.

Table 4: Resction Paramcters in the Presence of U=V Light

. ) i N N ’
B Sample E_/kJ mol ! In A_/In & ‘ Ed/kj mol ' 1n Adlln S n Tp/k
% PETN 143 25 R A BERTERAY W 26 0.7 47% ;
e ' PETN + U-V 120 ¥ 4 08 X2 183 2 16 45 % 4.5 0.6 4533
i- %
i T -
g R R PR 79 % 3 196 25 49 % 7 0.9 458
. A
e | PN+ WVt o ts 22 %4 18 L8 45 L3 0.6 458
I3 "W - +
- TEIN &ty 2t 25 2 2.5 g, 3687 9 Inad, 99 % 6 1.4 446
+
K Ta,185 215 InAgy 47 - g
. d

Except for the rather anomalous behaviorr of PS in the decomposition stage
(oce Tater), the results irdicate that ondr smald oficets are produced.
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The changes in the sublimation parameters E_ and A_ tend to cancel in all
cases and for the decomposition parameters B and % changes again effect-
ively compensate, particularly for polycarbonate. PP, PS and pure PETN
all show decreases in E; (Eq, in the case of PS) combined with increases
in Ay (Ag, with PS). Thus the reaction is helped, albeit a little, by

the U-V radiation. This is illustrated by the slight but consistent,
reduction in the reaction peak temperatures Tp.

PS shows the most significant changes in that an extra reaction stage
appears. This result was found to be very repeatable, though it is not
fully understood.  Although Edy (for the new stage) is very high, the value
of Ad; more than compensates for this, and Ty, is reduced by 12 K. The
initial and final stages of the reaction are virtually unchanged by the
presence of this new stage, which only has a small (ca. 9 K) range of activity.

A further series of experiments on the PETN/PS system was carried out
in which the U-V light was switched on or off during the course of a runm
and the effect on the reaction parameters noted. These experiments show
that the stage of reaction at which the U-V is present is quite important.
If the U-V is switched on at any stage before a third of the material present
has decomposed, then a three stage reaction is observed, otherwise no effect
is observed. When U-V has been present for the initial stages of the reaction
(even if only one eighth of the explosive has decomposed) extinguishing the
light has no effect and the reaction proceeds in three stages, as if the
U-V were present throughout,.

These results indicate that the U-V is effective in breaking down the
PS to produce free radicals which then influence the decomposition of PETN.
1f, however, PETN decomposition has proceeded to a significant extent before
the U-V is present, the irradiation has little effect. This is probably
because the free radical concentration produced by the PETN alone is already
much greater than that which the lamp canproduce. The observation that
extinguishing the lamp early in the reaction does not stop the three stage
process indicates that the major influence is the concentration of free
radicals in the initial stages of decomposition. The influence of U~V may
thus be summarised as producing such a concentration of radicals in the
early stages of PETN decomposition that the decomposition process is speeded
up and the reaction parameters (and presumably the details of the mechanism)
are changed.

That PC is not influenced in this way is not surprising since, in
comparison with other polymers, polycarbonates are not degraded to any
large extent by U-V (Ranby and Rabak, 1975). It is, however, surprising
that if such an effect should be produced with PS,PP remains ineffecitve.
Both PS and PP are degraded to a large exteant by U-V and both produce
large concentrations of radicals when degraded. It suggests that the
sulphone groups have a specific effect on at least one of the stages of the PETN
decomposition. Support for this comes from the work of Reich (1973) who tested
the compatibility of a range of polymers with various explosives. PS is one
of the polymers he lists as incompatible with PETN since he detected an
increase in the value of the reaction parameter n in the present of PS,

Bl ] ‘g}k\*r e ”‘ttrl'?m.‘.“' NP DU o




From the series of experiments described in this section, it may be
concluded that there is no major chemical reaction between PETN and any
of the polymer fillers. The only exception to this is PS and then only in
the extreme conditions of having a high intensity of U-V shone on the sample.
However, the effect, even with PS, is still only marginal and the conclusion
has to be that chemical effects, although present, are only of secondary
importance compared with the mechanical ones to be discussed in the following
section.

2.3 Photographic Observations of the Impact Behaviour of Polymers
and Explosives

(a) High-speed photography of impacts on polymer samples

The impact behaviour of both polymers and explosives was photographed
using a C4 rotating mirror framing camera at framing intervals of
ca. 6.5 yps. Impacts were observed using a transparent toughened glass
anvil system similar to that of Heavens and Field (1974) and is shown
schematically in Figure 2. The weight of 5.5 kg was dropped by an elec-
tromagnet from a height of 1 m, the fall being guided by three cylindrical
rods.

The behaviour of small discs of polymer ca. 2 mm diameter and 0.8 mm
height under impact is illustrated in Figure 3. Figure 3 shows selected
frames from an impact on a disc of PP. A trace of radial expansion versus
time is given in Figure 5. With this material, there are no rapid changes
in the expansion rate and bulk deformation occurs throughout. Fdigure 4 is
a higher magnification sequence for an initially 2 mm diameter disc of PS.
Its radial expansion is also included in Figure 5. This material deforms
initially in a bulk manner but eventually fails catastrophically (see
frame 4(c) and Figure 5). PC gives similar catastrophic failure to PS.
Microscopic examination of the samples after impact confirms that catas-
trophic failure of PC and PS is associated with rapid cracking and shearing
in localised bands. Figure 6 is a micrograph of a deformed PS disc. There
is a network of fracture throughout the sample and sets of fine parallel
shear bands (one set is labelled s). An enlarged view of region ¢, but
rotated so that the bands are horizontal in the figure is given in 6b. It
is argued later that it is these regions of localised deformation (crack-
ing and shear banding) which give rise to "hot-spots”.

These observations lead to the conclusion that the polymers used may
be classified in two broad groups: (i) Polymers such as PC and PS which fail
by the production of many fast moving cracks and local shear bands. This
is accompanied by rapid radial expansion. (ii) Polymers such as PP which
deform plastically at quite a high rate but do so by bulk deformation and
without cracking and/or shear banding.

() High-speed photography of impacts on explosives

Heavens and Field (1974) photographed the impact of a wide range

i = S 4 ST+ s
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of granular explosives. Powdered PETN was observed to be compacted into

a pellet and then to undergo severe plastic deformation. The material
became translucent and finally completely transparent with very rapdid flow
(300 m s~1) which Heavens and Field attributed to melting. Ignition occurred
in this final stage. RDX partially fused when impacted between glass anvils
and there was indirect evidence of complete sample melting of RDX between
steel anvils. Pressure-time curves obtained by Heavens and Field showed
that a sharp pressure drop occurred when the sample failed plastically.
Ignition, in samples without added grit particles, always occurred after

the pressure drop and when the explosive was flowing rapidly. 1In the
present work a large number of experiments were carried out on pellets of
PETN and the behaviour was very similar to that described by Heavens

and Field for granular material. Figure 7 illustrates a typical

result in which a 25 mm pellet of PETN, pressed to 5k bar and of diameter

5 mm is impacted by a 5.5 kg mass from a height of | m. The same type of
behaviour as described for powders, can clearly be observed. In frames

a to f the material is deformed_?lastically and becomes translucent. Trans-
parency and rapid flow (230 m s ') occur in frame g with ignition at sites A
and B almost simultaneously.

The results obtained with a large number of such sequences show that
ignition only occurs if rapid flow, as observed in frame g, takes place.
Although rapid flow is a necessary prerequisite for ignition the converse
is not necessarily true and many failures occur without a resulting ignition
This suggests that there has to be a particular region in the flowing material
where a "hot=-spot" develops. These regions could be associated with gas
bubbles, foreign particles or enhanced flow. If discontinuities of sufficient
size do not exist, ignition does not take place. Note that fast reaction
always starts at localised regions (see Figure 7 and the sequences in
Heavens and Field).

(c) High-speed photography of impacts on explosive/pdlymer—samples

A number of high-speed photographic sequences at framing rates of up
to 2 x 10° frames per second have been taken of impacts on explosive/grit
samples. These sequences were taken in transmitted light using the experi-
mental set-up described above. The first point to emerge from these
experiments was that,unlike impacts on pure PETN where ignition never
occurs before transparencv and rapid flow of the sample, have occurred,
when a grit is present, ignition can take place before the explosive has
been sufficiently compacted to fail plastically, form a transparent layer
etc. This observation implies that the pressures needed to cause explosion
are much smaller than with a pure material.

If a sample ignites while it is still opaque it means that small
polymer particles within the pellet can not be seen, and thus association
of the initiation sites and grit particles is difficult. To overcome this
problem, two different approaches were adopted. In the first instance,
pressed pellets of pure explosive were surrounded by polymer discs and the
impact phenomena of the whole array photographed. The second type of experi-
ment involved pressing pellets of explosive, into which had been put single
polymer discs, effectively modelling a single large polymer particle in a
sample of pure explosive. Examples of results obtained from these experi-
ments are illustrated in Figures 8-11.

Figure 8 shows a 0.65 mm high PETN pellet surrounded by five | mm
high PS disce. During the impact the PETN disc (dark central area) breaks
up and is forced into close contact with the polymer. The polymer discs
deform plastically and then undergo catastrophic failure as described

earlier. In frame 8b all the discs are exhibiting cracking and shear band-




ing and by frame 8c have failed catatrophically. In frame 8d we can
see the first ignition site (labelled 1) with reaction spreading along
two paths into the PETN. A second site (labelled 2) has developed in
frame 8¢. By the final frame, fast reaction has spread throughout most
of the PETN.

An example from the second type of experiment is shown in Figure 9.
In this case a single polymer disc of PS was pressed with the PETN
powder to form a composite disc. The selected frame shows ignition at
three points (1 to 3) on the polymer/explosive interface. The polymer
is the lighter central area, and the darker annulus is the PEIN. In
the lower part the PETN is becoming ligher and this is due to the onset
of fusion. At its outer edge the PETN is beginning to produce fast jets.
The mottled appearance of the polymer is partly due to catastrophicfailure
and partly due to a very thin layer of trapped PETN. This is why reaction
also spreads inwards as well as outwards. Frame 9b shows a later state
where fast reaction is more developed. Thg]expansion velocity of the PS
disc just prior to ignition was ca. 35 m s . The catastrophic failure
occurred between frames. Experiments with PC showed that it behaved
in a very similar manner, with cracking and rapid radial expansion followed
by ignition at the interface.

The situation with PP is quite different and, although much radial
expansion at quite high velocities is observed, the polymer does not crack
or shear locally and ignition does not occur.

The results obtained with HMX/polymer systems are similar to those
obtained with PETN, Figure 10 illustrates an impact on a 20 mg sample
containing a PP disc and Figure 11 a 20 mg sample containing a PC disc.

In both cases the polymer is the light central area and the explosive the
darker area. Figure 10 shows that yield and flow of both the PP and HMX
occur but no ignition results. In Figure 11 ignition occurs at the polymer/
HMX interface (frames d onwards) after catastrophic failure of the PC.

The findings of the photographic work described in this section may
be summarised as: (i) ignition occurs after or during the catastrophic
failure, cracking and fast flow of the polymer; (ii) the initiation site
is very closely associated with the position of the polymer and (iii) of
the polymers tested, only those which undergo catastrophic failure are
effective in promoting ignition.

2.. Impact Behaviour in the Drop-Weight Test

(a) Impacts of polymer samples

Samples of the polymeric materials were impacted in a drop-weight
machine at stragn rates similar to those observed in the photographic
work (& ca. 107 s ])so that differences in their mechanical behaviour
could be observed. The drop-weight machine used was similar to that des-
cribed by Heavens and Field (1974) and is illustrated schematically in
Figure 12. The sample was placed between rollers RI and R2 which had their
edges ground down to give a sharply defined contact area of diameter 5 mm.
The samples used were discs of polymer typically 1.5 mm high and 7 mm dia-
meter. The contact area was lubricated with colloidal graphite. Two
semiconductor strain gauges were mounted in series diametrically opposite
to each other on R3 in order that the resistance change induced in the
pair of gauges during impact would be due to compressive stresses alone.




12

The system was calibrated statically using an Instron machine.

As the sample diameter was greater than the contact area, the area of
contact during impact remained constant throughout the whole process. The
pressure-time traces were obtained on paper-tape utilising a Data Lab DL922
transient recorder and analysed on a HP9825 calculator using a programme
based on the method of analysis of Afanas'ev and Bobolev (1971), The
programme numerically integrates the force-time trace produced by the
.equipment to yield a velotiy~time trace for the weight

-1 t
V(e) = vo-M [ F(E) de (3)

with V, the velocity of the weight at impact and M its mass. A seccnd
integration gives the displacement of the weight as a function of time z(t).

' t

2(t) = [ V() dt (%)
z(t) is the compression of the whole system (sample and anvils) and a small
amount z_(t) due to the compression of the system, which can be determined
by performing impact with no sample present, is subtracted from z(t) to
yield the compression of the sample.

zs(t) = z(t) - zA(t) (5)
The sample strain is then given by

H
RERNEN R T ®
H - zs(t)

with H the initial height of the sample and e(t) the strain at- time t.

The stress at time t is given by division of the force-time curve by the
area of contact A,

o(t) = F(t)/A

Elimination of t between equations 5 and 6 yields the stress-strain curve.

PR

Results obtained with PC and PP are illustrated in Figure 13 (a) and
(b). The behaviour of PS was similar to that of PC. The main difference
between the two materials is the evidence of catastrophic failure in PC
(as shown by the sharp drop at ¢ = 1.8) and its absence in PP. Both mater-
ials show evidence of strain softening followed by orientation hardening,
but the strains which PP is capable of are far greater than those achieved
by PC. The onset of orientation hardening also takes place much earlier in
PC at a strain of ca. 0.5 as opposed to the value of 2.0 observed with PP,
At strains of >2 the thickness of the PP layer becomes comparable to the
correction factor for anvil deflection and thus the calculated strain
become increasingly unreliable.
The shape of the stress-strain curve may therefore be inaccurate at high strains
These results confirm the findings of the photographic work in showing
a marked difference in high strain rate impact behaviour between sensitising
and non-sensitising materials and again point to catastrophic failure as
being the process responsible for a polymer's sensitising action.
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(b) Impact behaviour of explosive/polymer samples

The sensitivity of pure explosives PETN and HMX and explosive/polymer
samples were compared by determining their 507 height on the drop~weight
machine outlined above. The 507 height is the height from which the hammer,
if allowed to fall freely, would have a 50% probability of causing initiationm.
The method of determination was based on the "up and down'' method which is
fully described in Dixon and Massey (1957).

A large number of drop-weight tests were carried out on explosive/grit
samples to determine (i) which polymers gave rise to increased sensitiveness,
(i1)if the size of the grit particles was important,(iii) the effect of
variation of the percentage weight of grit, and (iv) if a polymer which sensi-
tised one secondary was effective in sensitising another. All the experiments

. . + .
were carried out using twenty 25 - | mg samples of powder which had been
pressed statically to 10 kbar to give pellets of 5 mm diameter and approxi-
mately 0.8 mm height. In these experiments, three grades of grit were used
which have been called coarse, fine and very fine. In the 'very fine' grade,
all the particles had been through a 76 um mesh, the 'fine' grade indicates
that the grit was used as obtained from the freezer-mill with a maximum
particle mass of ca. 20 ug. The coarse material was as-received grit from
AWRE with particles of mass up to | mg and up to | mm long. These reuslts
are set out in Table 5. Unless otherwise stated, all the samples contained
207 by weight of grit

Table 5: 50Z2 Heights for Explosives and Explosive/Binder Samples

Sample 50% ht (cm)
PEIN (pure) 21.8 £ 1.0
PETN + PC {(very fine) .5 E 2.0
PETN + PC (very fine) repeat .7 - 0.6
PETN + PS (very fine) 1.1 2 0.3
PETN + PS (fine) 13.0 £ 1.5
PETN + PS (coarse) 10.4 £ 0.6
PEIN + PS () mm high, Imm diam.) 10.5 * 3.0
PETN + PMMA (coarse) 1.0 1.6
PETN + PMMA (fine) 2%0.8
PETN + PP (very fine) .8 0.8
PETN + PP (very fine) 10% grit 20,7
HMX (pure) 29.0 ¥ 2.0
BMX + PC (fine) 16.0 X 1.5
HMX + PS (very fine) 5.1 £ 1.0
HMX + PMMA (coarse) 22.6 : 1.0
HMX + PP (fine) 24.4 2 0.8

+

A8N3 (pure) 19.3 - 0.8
AgN3 + PC (fine) 16.8 % 1.3

——
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From the results set out, it can be seen that the size of the grits
used does not have any great effect on the results produced. It might be
expected that, if the effectiveness of the grit depended om its ability to
disturb the flow of the explosive as it was extruded from between the
anvils, the larger particles by virtue of their size would prove more effec~-
tive, the very fine particles being so small as to be carried along in the
flow of the explosive. The results obtained show that this is not a major
factor.

The results also show that the grits are not specific in their action:
PC and PS being cqually effective in sensitising HMX and “ETN, while PP
and PMMA onlv slightly sensitise both of these secondar’ explosives. As
noted before (see for example, Heavens, 1973, and Heavens and Field, 1974)
primary cxplosives such as lead azide Pb(N,), and silver azide AgN, are not
particularly sensitive in the drop-weight ge§t provided the anvils are well-
aligned. However, as the table shows, the polymers do have a significant
effect on the sensitiveness of AgN, and in a consistent way. Finally, in
one set of experiments the percentage of grit was reduced to 107 but this
caused no significant change.

2.7 Thermal Properties

(a) Mechanical effects and thermal properties

The mechanical failure prcperties of polymer additives appear to be
of major importance in determining their sensitising effect. Those mater-
ials which undergo bull plastic deformation proving ineffective as sensitisers
and those which fail c:tastrophically and with intense local deformation
effective. Thermal prcoerties areof major significance in determining
the failure modes of pclymers particularly when high strain rates are in-
volved. This is becausz they soften at relatively low temperatures and have
low densities, specific heats and thermal conductivities. Additiomally,
materials can desensitise explosives by effectively acting as heat sinks
and quenching hot spots before they can fully develop. The work of Bowers,
Romans and Zisman (1973) for example, indicates that sensitivity decreases
with increasing specific heat of additive, those additives which are most
effective in this respect being materials such as'Superla wax"or'Carbowax"
which have low melting points and thus absorb their heat of fusion.

In cases where thermal properties were not known they were measured
using a Perkin-Elmer DSC-2 calorimeter.

The results obtainad show that both PC and PS have specific heats
which range from {.25 kJ kg'l K™ at room temperature to 2.35 kJ kg'l k™!
at 600 K, the increase jeing reasonably linear. PC has a melting point
of 420 to 430 K which o1ly introduces a very slight increase in the effective
specific heat, giving a latent heat of fusion of ca. 7.2 kJ kg '. PS shows
melting over the range %70-500 K with a heat of fusion of ca, 6.6 kJ kg |.
PP has a greater specific heat, varying from 1.92 kJ kg™! K~! at room temp-
erature to 2.09 kJ kg™! K™! at 450 K. It melted over the range 390 -
460 K with a latent hea: of fusion of ca. 64.0 kJ kg~! K~!. PMMA had a
relatively constant spe:ific heat of 2.9 kJ kg~! K~! over the range 470 -
630 K where a large decrmposition endotherm was produced. From the results
set out above, it could be predicted that, on the basis of thermal properties
alone, the order for ho:-spot quenching for the polymers investigated would
be PP, PMMA, PC, PS.
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Table 6 Physical Properiies of Experimental Materials

- —
——

% Derctes measureacat s made in ghis work

MATLERIAL DENSTITY ROOM THE, THEPMAL TATFHY BLAT SOTTENLING On
SPRECIFIC MiAT couiptoriviny OF Fustiol MELTIMNG POLINT
g en 2 3t ! v K x0T K by K
PETN 1.973 *1.09 ©164.7 IV
p X 1.96 1.25 555 j
P 0.9 *1,92 D.14 *64.0 *390
¥C 2 *1,25 0.19 *7.2 *420

PS 1.24 41,25 0. 18 *6.6 *470

PMMA 1.19 “2.9 0.7 - 0.25 denmposcs decompouce
HOLE 0.94 - 0,97 2.2 -~ 2.3 0.45 - 0.52 ~ 270 ~ 400
Palyester | P 3 1.0 0.2
MATERTAY CLASS TRANSITIV: F1ASTIC . MAY ELONCATION TENSILE BARDNESS
R ®IDILYS IN TENSION STRENCTH Rockwell R M
1. e oo * \ Vickers; V.
« el ae? 1 W :
PeTx 1.37 x 107 V. 17.9
[ e
§ wx 3.1 x 10° V. 40.3
— SUPSUEEY SUUINU SN . - -
133 2%% 8.9 - 1.8 0~ 600 8- % ~R95
rc 418 22 €0 ~ 100 $2 - €2 ~R118
PS 463 24 59 =~ 100 63 ~R120
2I3TY 18 25 - 35 2+« 10 45 - 12 ~ %100
Wi ~193 5.5 ~ 10, 50 « &M 20 - 36 R30 ~ RSO
Palyester : "0 ? . 55 iR
L e e L e e b e a e . e e e e e ot e At - b e ot




Measurenents were also e on the spoeific heai ol Tatent hest of
' fusion o PEY L vas Tound toat epecilice heat rowcived aloost coanstant
at 1,00 L kg up Lo the wliine femperitere of 414 X0 The Totenr heat
was deterain dote bhe 15407 RJ T
alter welting. A swaany of U

»

oy with Coeoosition oecerring raptdly
woihierma) vooperties of the polyrmicrs and en-
plosives used in thic weork is given in Table oo,

200 Polywer Triction Nxperiments

The purpese of the experiments desceribed in thic section was to measure
the tewperatures that a polymer reaches during deformation, In order te do
this, a iriction machine was constructed which alleve the rubbine polymer
interface to be vieved by an infra-red delector. Friction cannot be regarded
as just a surface shearing cffcct sinece, if one of the waterials is havder
than the other, the asperities on the harder surface can plough out the softer
material to an appreciable depth below the surface. f(t is thus possible for
considerably and varied deforrmations to take place in a frictional situatiom,
and cstimates of the surface tewperatures achicved are of interest both to
the present investigation and the subject of polymer friction and wear in .

“ general. T '

(a) Apparatus and technique

The apparatus constructed to perform these experiments was basically
a modifiention of that described by Bowden and Thomas (1954) and is shown
schematically in Figure 14, It consisted of a 50 mm diameter rotating sapphive
disc (infra-red trunsmitting to ca. 5.3 ym) against which a polvmer pin was
loaded by means of a balance arm. The arca of the interface under observation
was defined by a 0.8 wm slit wounted directly above the rotating disc. The

d disc rotated at a frequency of ca. 56 Hz giving an interfacial velocity of
ca. 7 ms”!. Above this disc was a DMMA chopper with radicl regions in the
sequances blacked-out, slit, IMMA, slit, blacked out ete. The disc was ro-

' tated so that the radiation frow the interface was chopped at a froquency

- of 10 kllz. 7This alloved temperature veriations of duratien 1| ms or greater
to be followed (since, for any one temperature determination, a cowpleate
blacked-out to blackid-out sequence must be obtained, i.e. 5 'chops'). After
chopping, the radiation was detected by a Mullard RPY 36 infra-red detectlor
which is scnsitive over the range 1 - 5.5 um with a sharp cut-oif at 5.5 um.

N The detector was biosed to give the best signal-to-noise ratio. Tho detector
: oulput was taken to a Tcktronix 7A22 awplifier and the amplifier cutput was
L fed to a Datalab DLS22 transient recerder. Traces were then punched onto
. . + v e

R paper—tape for analysis on the Hewlett-Packard HP 9825 desk-top calculator .

Iy

o and plotticr. :

.

:-1 The purpose of the MIA filters vas to provide on abseorption band :

>4 (ca. 3.5 ;) which wvould absord a diffevipg propsorticn of the signal depend-

N ! ing on tha temperatuve of tle source. Thus, by caleulating the ralios I/1,

- (with 1 the dintersity through tho slit and T, through the filter) for soverves

2! of various knovn teurervetures, a calibration curve of l/ly against Lesporature

. 4 could bue dravn and estiwates of temperatercs of other sources wade using the

. curve, In order for the calibrotion to be valid, it wee assumcd thuat the
sources (calibration and specinen) were bolioving as hlack-hodies, Problems

. associated with dif7erent substances having difleriag black~body cuwissivities

?, are clinipated by the use of the ratio I/hy
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(b) Calibration

The theory of calibration follows the treatment of Land (1944) and
Parker and Marshall ()948)., Frow Planck's radiation law we have
-5 R/

) = A 2 AT - 1 7

LA’T Ce, / (e ) (7
withEy 7the energy emitted by the black-body at wavelcngth ) and temperature
T, C and B constants and vy the emissivity of rhe surface at wavelength .
This can be approximated to Wien's formuta.

-5
B = AG ¢ t X exp{(~B/x T (8
Ap p pf P ) )

with E the radiant everpy received by the detector, A a constant dependent
on the area of the source, G & constant dependent on the geometry of the
system, t the transmission coefficient of the sapphire and A the effective

wavelength of response of the detector. The relation betweeh the response
of the detector H and the energy falling on it is of the form

B =" ) 9)
with m a constant.

Thus from equations 8 and 9:
-5 _
InH = m(ln (A G t) + ln{ﬁh )p y - B/XPT) (10)
P .

When the radiation passes through the PMMA {ilter the optical properties
of the system are changed (1,8, and chhange) but the factors A, G and

t remain the same. Thus if H' P is the reduced output on passing through
«the filter we may write

-5

1n d' = m(in(AGE) + ln(e; Xé ) - B/A;T) (1)
P
From equaticns 10 aund 11
€ )
X AT :
H { P B |} 1)
In—, = m {ln TME~-—-- ) - ~»t~ - =y } (12)
H t"x' vloT Ly A

This relation is independent of the source area and geometrical fractors and is
independent of the abssniuste values of the emissivities. 1t depends only on
the differences in optical properties of A and A' (and this i3 dependent only
on the properties of the system with and without Phe filter). Thus a plot

of 1n", against ! should give o straight line and, in fact, this is what

is folind.

Initially catibration was carried out using a 2.5 mm thick PMMA chopper
disc and a 0.27 mm diameter platinum wire as an artificial hot-spot. The
temperature of the wire was varied by changing the DC current flowing through
it. The vultage across a central portion of the wire wes wmonitored via two
20.4 ym diameter platinum wires which were spat-weldeda to the larper wire 43.0 mu
apart. These wires were thin cuough aot te aifect the temperacure of the larvper
wire which was econsidered to be uniform over the 46.0 nm long middle portion.
From the knowledge of the resistance of thls central portion, its temperature
was determined using standard tables, The central pertion was




viewed by the detector though a s1it of width 1 mm nounted perpendicular to
the Teongth of the wire. Altbough this pave a gond Vinear relationship over
the vange 770 -i270 ‘c (Figure 15a), the ratios -, for lower tewmperatures
becane  to high to be mensm'm{ accurately and crrors assoctated with
the determination of current aud voltage across the wire becane significant
s0 o differeat appreach was adepted for the low temperature colibration
of the system,

The thickness, of the PMMA chopper was reduced to | wm in an attempt to
improve the ratie |, and a variable temperature soldering iren, to the tip of
whiech was attached a thermecouple, was used as the source. The calibration

produced is 1llustrvated in Figure 15(bh). A good ]uuuY relationship is apain
obtained until the tewmperature drops below ca. 500 K G, = 2.1 x 1073) vhen
the scatter in the resuelts begins to get auite considerabie. This is becaurse

the ratio has agaiv ioncrcasced Lo values where the accuracy in its determivallion
is reduced by noise. At such low temperatures, the power emitted by a source
which is in the range detectable by the detector 1s very low and considerativns
of sicnal-to-noisc ratio is to increase the size of the source. A simple nethed
of improving the signal to noise ratio is to inerease the size of the source.
This has heen tricd but there are problems associated with deing so which will be
deseribed below, ]'mstheﬁ reduction in the thickness of the PMSA filter
would improve the ratio —,, however 1 nm is the smallest commercially
available thickness and 1t would be nececsary to usce other moterials to
inprove the system in this monner,  In fact, 0.2 mm thick acetate sheet was
tricd but was found to be unsuitable as the position of its absorption bands
was such that very Tittle chanye in the value of H' was produced for a widc
rauge (4G0-600 K) n T,

.

The calibration vas checked by weasuring the radiation reccived from a
thermondter Lbulb placed bencath a sapphive disce. The bulb was heated by a
saldering iron and, with the iron removed, a temperatuve reading was taken,
and the result obtained from the infra-red system and the thermometer scale
compared. For a thermometer veading of 488 K,the infra-red system gave a
value of 489 K. tor 453 K the system gave 438 K and for the low temperaturc
of 387 K the system gave 418 K. 1t can thus be scen, and it is clear from
the calibration curve, that the determination of temperatures below ca. 500 K

Tcads to an inercasing inaccuracy in the result. In the results quoted later
the error in the result Is cestimated by dr wing an 011volope wh ch encloscs
all the calibration points for values of 4 ]oss than 2.1 x 2 (dotted

in Figure 15b).  The value of 489 K for an 'actual' tmnperatmto of 488 K may
be ratbor fortuitously close and all estimates of temperature will have an
error of the order of ¥ 10 K,

The prelimin oy analysis of the results was carriced cut by the HP 9825
calculater. A programme to perform this analysis was written which chanped the
zero level of the traces such that it intersceted the peak-to-peak Tevels
approximately half-vay (sce Tigure 16). The heights of the peaks were then
deduced by finding the half~way points between Lhe intercepts of the trace and
the axis, taking as the numevical value of the peak height an averape of soven
points srvound ond iacTuding) this half=vov value.  The trace vas thon ploiicd
oul tevs ther witl a ll‘tl L of the peak heiehts and the remaioder of the ann-
lysis (Pinding the yotio ”,, vas done by band) FPigure 16 shows three tyvpiend
resuils. (1) s Lor a solderiog 1ron af 575 K(11) for a small diameter PC pin
and (1 for a Jarpe diaretor P'C pin, The irprovement in sienal-te-neise )otio
with a larcer ¢iameter pin is elear fyem o ceompnr (con of (1) ond (111) botd
of wihich pive approximately the same miniwm vatue of the ratic e
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(c) Resuls

In the experimental investigaticn, polymer pins of two different dia-
meters were used: small ping of diameter ca. 1.5 mm and larger pins of dia-
meter ca. 6 mn.  The smaller diaweter pins were used in the Initial experiments
but for the later measurements lavge pins weve used sivee the smaller pins
gave a poor signal-torsignal noise ratio and were very easily deformed due
to their larue lengtli/diameter rutio. The main problem with the use of the
larger pins was that ronsiderabic heating of the sipphire disc took place
aud surface temperateres of up to 360 X vere recorded on placing a thermo~
couple in contact with the dise trmwediately (0 - 2 5) after deing a rua.
Oue Lo the considerable thermal wmazs of the dise, its rate of cooliug was
quite slaw (10 - 20 ¢vgrees per minuted and so the fipure quoted above gives
a goad indication of the bulk temperature veached by the sapphire in the
course of an experimernt.

An ~rperiment in which the signal level wan recorded with the large pin
in contact wirh the disc md apain famediotely aftor its removal indicated thoat
the cuergy due tao the bulk heating of the disc accounted for approximately
. one thirdoi the tota! signatl, Surh o Yorge contribotien from a lower
temperature source will ¢ive a mixed signai which willi tend to reduce the
measured black-body temperarure te a valud neas the wean,  Thus the readings
¢htained with the larger ping will nrobsbls be underestimates of the interface

) - PR - . . . . .
vemperatare.  In the tablc of resulis givin betow (Tahle V) the maximum black-
bady remperature recorded by the svstem [or any gives polymer, irrespective of
the typr of pin used 1s quated,

The results wili | of rouree, bo averages over the total portien of the
interface areas withis the detecror's fteld of view and it 1s quite likely that
sawme vegions (Lhore being hignly deicymed) wid! have temperatures above this

. average voiae and othors will have loves values. By far the largest amount
of expevimental time was apert sn tie polvmers PV oand PC ore that with an
jncreased amcuat of ehuocrvation time it may he possible to tecord higher

maximem valucs of tergierature Sor tse three other materials, iv is, however, in-
terestiog  that the temp-raterer obtained rollow the order obtained for the
R sensitivenrss of (i peliviner/exploaive wixtures. 1t is alan clear, particularly
. in the case of YC, riat tewpevatures weil abeve the commercially quoted
- softeniong temperatere of 410 ¥ and the observed "melting' temperature (in
1. previous work) of 430 K are obtaiuable. In the case of PP however this was nor
}§ ) found to he tihv case and po tempersturcs above the commencement of melting
by at 390 K ware obrained.
s , o . . . .
by : . Tatlc 7: Temperotures Achieved During Polymer Friction
4 :
' Polymer Maximum Interfacial Temperature/K
- L_lolymer .. A L.
- - oy .
a PP 360 - 30
¥ , +
PMMA 420 - 30
+
PS 450 ~ 20
vog +
vC 450 - 10
e e e e e e e eeeamm
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Examinotion of the polyieer pins after the frictional experimencs reven]
i . L
that in the case of PC and P4 scevere deformation of the polymer had been
produced vith cvidence of much streteliing  and shearving of molecular layers.
The P pin, hoever | present a mach more rounded appearance which indicated
that melting of che surface layers had taken place.
2 R

Fipure 17 shows the overall appearance of the pins after the experiments
(a) Is a PC pin and the many lavers which have sheared off and built up on

the traiiiryg cdge are clearly visible. (b) is a PP pin and shows the rounded
melted-leoking appeavrance of the surface. (¢) is a PMMA pin and shiows the
roughcened surface obtained with no build up on the trailing edge. All the

pins in Figurc 17 were of diawcter 6 mm,

Microscopic exanination confirmed that very scevere deformation of PC has
taken place with clear evidence of considerable strain in the frictional
direction (Figure 18(2)). PUA (Pigure 18(b)) prescnted a ratber "pouwdery'
appearaoce with waoy particles of material on the surfoce. The wearing away
of the Puly pins procecded in a more wittle manner with small pariicles chipped
out of the surfoce and with no accumulation of shearcd or melted lavers on thc
trailing odge of the pin.  The surface of PP on the other hand was velatively
featureless; as might be expected from a melted and refrozen layer.

Althoush there i¢ clear evidence that PC had deformed by the shearing
of layers, there waz no evidence of catastrophic faillure having taken place:
. the shearing coutd be followed by the naked eye and took place over a time-
scale ot co. | s for a 6 wm pien. PNonetheless, temperatures well above the
commerical softening temperaturce were recorded with PC, and, when 2l lowance
- is made {ov Lhe face that these were averanes over the whole surioce, it docs
scem possible that, upder cenditions of extreme (and probably locally rapid)
deforwation, very high temperatures could he achieved by pelymers such as PC.
These temperatures would be well above the limits set by the old ideas of the
temperature rise achicved in {riction being limited by the wmelting point of

: the lower melting point material which was based on the frictional propertics
of mctals,  Any increase in melting point of the polymers duc te the force
appliced by the connterweight would be negligible since the maximum weight
used with the 6 mn pins was 2 kg and with the 1.5 mm pins was 300 g giving a
mazimun stress of 3 MPa, which corresponds te ca. 30 bar. This vould have an
~ ingignificant effceet on the melting point, variations of ca. 200 bar beiny
‘ nceded to cause an appreciahle (ca. 10V K) change (Zoller 1978). It docs
x therefore appear that high temperatures con be reached during the deformation
R of polywmers, and, in the design of any system containing a polymer, consideration
f? must Lo given to the possibility of high temperature vepions during deformation.

2.7 Conclusions an! Dicscucsion

A corbinatiton of high=-specd phetographic, pressure measuring and
thornial analyeis techinigues have been used to study the behaviour and inter-
action of coplosiven ood polyecrs, Cheadceal dnteractions, for the materials
testod, vore found Lo bhe of minor Dwportonee compared with mechanics] consid-

eraliciy. v dwmpact sonritisation. Ture erplosives were found to dgnive only

after vop’d ond covere deformat fon of the sieple had occurred. Tn the
preseie o el sen it ot crity Louover, this severe deterastion wos ot
Peces oy ey b attien. Both e Dractum and thermol propoertics of an
addior e e F T A R RS SRS NS S TES SRR B U il}' clreetr, A padvner
Booole o venbiinat i or dos e thow i Towe spocitie gt and Tesw deeat
oo, el e L e cotantr s phie fadtuee cwid ] he Tiheiy Lo
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cause sensitisation. ln order tn test this hypothesis, two polymers were
chosen on the basis of their strength and thermal capacity; polyester which
has high strength and low capacity and high density polythene (HDPE) which

has a low strength and high capacity., They were mixed with PETN and tested

in the drop-weight machine in the same manuer as the samples described earlier.
The results obtained, together with a few romparison results from Table 5 are
set out in Table 8. Thermal properties can be found in Table 6.

Table 8: 507 Heights for Explosive/Polymer Samples

Sample 507 height (cm)
PETN (pure 21.6 2 1.0
PETN + HDPE 24.8 X 1.5

‘f
PEIN + PP 18.8 Z 0.8
PETN + Polyester 15.5 = 1.0

+
PETN + VS 1.1 0.3

These results confirm the predictions that polyester should seunsitise
and HDPE should not. In fact it appears that HDPE is acting as a desensitiser.

The conclusion reached, therefore, is that polymers which are most
likely to sensitise are those such as PC which are tough below their glass
transition temperature (as opposed te PMMA which behaves in a much more
brittle manner), and are likely to fail catastrophically. Those -least
likely tosmsitise are those which have a low glass transition temperature
(PP or UDPE) and which deform in bulk with little local concentration of
energy. Polyester is somewhat intermediate in behaviour {(and sensitising
effect) between PC and PMMA as it it toughor than PMMA but much wmore britcle
than PC, and so fits quite well into the expected pattera.

In the case of the furmer the melting point of the particle is the
important property (Bowden and Gurton 1949). That this is so Is cssen-
tially because they are matcerials with well~defined welting points and
relatively large latent heats; the hot spot is generated to the melring
point. In contrast the polymeric materials which sensitise, soften vver
a range of temperaturces and have low latent heats and thermal conductivitices,
1f heat is produced by localised catastrophic failure hot spots will form.
However, when softening of the polymer starts the matertal will still
maintaip a high viscosity., Continuing deformation will be ahle to con-
tribute further tempcrature rises by viscous heating. Ther thermal
losses in the case of a polymer are very low compared with most other
materials because f the low latent heat, thermal capaciry and conductivity,
and the hot spot is not quenched so readily.

The friction cxperiment gave cvidence of temperatures well above the
saoftening point. I this experiment, an average temperature for a contact
area of ca. 25 m:? was maintaived. JLocral hot spot temperature would be

R iy B Y YU LR e,
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expected to exceed the values recorded. In other experiments in the laboratory,
the temperature rise at the tip of a crack propagating ip a polymer was re-
corded, again using I R techniques (Fuller, Fox und Field 1975). Two impor-
tant results emerged from this work. fhe first was that temperatures well

above the softening poinls were observed. Secondly, that the fracture surface
energy increased with crack velociiy. This latter result was

explained by the high temperatures causing softening of the material at the
crack tip thus requiring more energy to be expended in crack growth.

It is clear from the earlier work and the present work with explosive/
polymer samples that some polymers can reach very high local temperatures
during their deformation. This is clearly relevant to the safe handling
of explosives since polymeric materials may be used for packaging or as
binding materials in explosive composites. The results also have interest
to studies of the fracture, friction, crosion and wear of polymers.
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FIGUKE CAPETONS

I

Activation enevey plot for the thermal decomposition of PETN for

various values of veaction arder n,  ‘the n value which gives the best
straight line sepments is cne appropriate to the reaction (here 0.8).
These two steps (see dashed jine) cerresponding to sublimation, stage I,
aud decomposition stage 11,

Experimental arrangement at instant of iwpact, W; drop-weight; G,
glass blncks; M, mirrors; §, sample. The upper glass block is
attached to the weipght,

Impact on a disc of PP. The sample deforms by bulk plastic flow
throughout. Diamcter of ficld ot view 20 mm. Frame timefuys :

a,0: b,70;¢,266. The zevo times given in this and subsequent sequences
do not correspond to time afteyr initial contact.

Impact of a disc of PS. The sample deforms initially by bulk plastic
flow (frames a and b)Y but thew deforms catastrophically (frame ¢). .
Diameter of field of view, 2.% mm. Frame times/us : a,0:b,213c,28.

Diameter versus time traces for impacts on PP and PS, Note that

the diameter of the PS has approximately doubled before the catastropic
failure, but that the PP disc has a final diameter several times its
initial value.

Micrographs of a deformed PS dise showing rhat the catastrophic failure
is a vesult of fracture and locanlised shear. The enlarged view in (b)
is from region § in (1). The viow has been rotated so that the shear
bands arc horizoutal.

Impact on a pellet of PETN., Frame a shows the 5 mu diameter pellet
before impact. Ropid flow and jetting oceur as for powdered lavers.
Fusionr of the layer starts in frame d. The whele layer is transparent
and flowing rapidiy Ly frame g when the first to two ignition sites
forms. The circular feature in frome h 1s an artifact. Diameter of
field of view 20 mnr. Frame times/us : a,0;b,67;c,221;d,308;e,389;
£,669;¢,4763h,482;1489,

PETN pellet surrounded by 5 PS discs Sec text for details. Two ig-
nition sites at the poiymer/explosive interface are labelled in frames

d and e. Diameter of field of view 20 nm. [Prame times/us :a,0;
b,91;c1405¢,16h;e,108;£,1759,

25 mg disc of PETN containing a PS disc. Three ignition sites are
labelled. Field of vuew 20 mm. Frame times/us: a,0;b,14,

A PP disc (light) pressed into an HMX pellet. The first frame is before
impact. Considerably bulk detormation of tihe TP occurs but there is

no ignition of the cxplosive. Ficld of view 20 mm. Frame times/ps:
a,0;b,915c.161;d,2 43¢,267;0,402,

Similar to fipure !0 but with a PC disc: cxcept that impact has already
occurred in frame 3. The PO fails catastrophically. The first of several
ignition sites caa be detected in frome 4. Field of view 20 . Frame
time/pnga,03h, 346 0,940,;d, 100 0,135,147,
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i6.

17.

18.

25.

Experimental arrangement for obtaining pressure—time curves. W, drop-
weight; H, R!,R2,R3, hard steel rollers; C, cylindrical guiding sleeve;
S, sample.

Stress-strain curves for samples of (a) PP, (b) PC. Catastrophic
failure of the PC sample occurs at a strain of ca. 1.8. No discontin~
uities are observed in the PP curve.

Experimental arrangement for friction experiments. D, detector;
S, slits; CD, chopper disc; SD, sapphire disc; PY polymer pin;
BA, balance arm; W, counterweight; DS, drive shaft.

Calibration curves fot the friction apparatus (a) high temperature
region (b) low temperature region,

Examples of the traces obtained with the apparatus {(a) is a soldering
iron at 375 K (b) a small diameter PC pin and (c) a large diameter
PC pin. H is the signal strength when there is no filter between
source and detector and H' the strength when a PMMA filter is inter-
posed betwecen source and detector,

Polymer pins after friction experiments, (a) a PC pin showing many
layvers which have been sheared off aud built up oun the trailing edge
(b} a PP pin which has rounded &nd shows evidence of melting (¢) a
PMMA pin which has a rougheaed surface caused by small particles
being brittly chipped out of the surface.

Micrographs of polymer pin surfaces after friction experiments,
{a) PC and shows considerably strain in the frictional direction.
{b) PMMA which has a powdery appearance with many small particles
chipped out of rhe surface.
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The remafning three secitions of this renort (3,4,5) are on reaction
kinetics and their analysis. All have been published in the open literature.

For completeness, reference iz given to a paper (Chaudhri et al, 1977)
based on work performed by Dr. Chaudhri when he visited Picatinny, and to
other papers published by the gx | ‘nece 777,

M.M. Chaudhri and J.E. Field, "Fast Decomposition in the Inorganic Azides",
from Energetic Materials, Vol., 1, £d. H.D. Fair ard R.F. Walker (Plenum,
1977).

J.T. Hagan and M.M, Chaudhri, "Fracture Surface Energy of High Explosives
PEIN and RDX", J. Mater. Sci. 12 (1977) Letters 1055-58.

M.M. Chaudhri, W.L. Garrett, O. Sandus and N. Slagg, "The High Velocity
Detonation of Single Crystals of Alpha-Lead Azide"”, Propellants and Explosives,
2, 91-93 (1977).

R. Patel and M.M. Chaudhri, "Differential Scanning Calorimetric Studies
- of Decomposition of Beta~Lead Azide", Thermo. Chim‘ca. Acta. 25, 247-25},
(1978).

T.B. Tang and M.M. Chaudhri, "Dielectric Breakdown of Ionic Azides', Conf.
on Elect. Imnsulation and Dielectric Breakdown, Washington, (1979).

T.B. Tang and M.M. Chaudhri, "Dielectric Breaskdown by Electrically Induced
Decomposition", Nature 282, 5734, 14-55 (1979;.

T.B. Tang and M.M. Chaudhri, "The Thermal Decomposition of Silver Azide",
Proc. Roy. Soc. A369, 83-10G4, (i1979).

T.B. Tang, "Analysis of Isothermal Kinetic Dara from Multi-Stage Decomposition
of Solidd, Thermochimica Acra, &4, 133-136 (1980). .
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! SECTION 3

F NEW METHOD FOR TG AND DSC DATA ANALYSIS

H. M. HAUSER axn ). E. FIELD
Phvsies and Chomistry of Solids, Cavendish Laboratory, Madingley Road, Cambridge /Gt. Britain)
(Received 28 November 19?‘7)

ABSTRACT

The paper describes a graphical computer method for analysing TG and DSC
traces which gives afl three reaction parameters (£, A, and a1y characierising an mh-
order reaction from a single trace. If the reaction procceds in multiple stages (£, A
and ) triplets can be obtained for each stage. The computer programmes are basically
simplc and use little computing time (typically a few seconds). The advantages of the
approach over earlicr methods arce discussed. As a test of the method, results on the
o dehydration of calcium oxalate monohydrate are described.

INTRODUCTION

The deduction of the rcacnion parameters £ (activation energy), 4 (frequency

factor), and » (reaction order) from TG, and DSC traces is clearly of interest. A

- number of methods have been used in the past to do this but all have unsatisfactory

featurcs. In the work described here a number of Fortran programmes were written

to extract all three reaction parameters of an ath-order reaction from a single TG, or

DSC trace. The programmes were run on the Cambridge 1BM 370 165 computer,

. and the plotter was used for graphical output. So that the advantages of the present
approach can be appreciated carlier methods are brietly discussed.

FARLITR M THODS

~ Murray and White! have shown that the temperature at the reaction peak of
. DTA traces can be used to obtain £ and 4 from a number of traces if a first order
o - reaction (eqn. 1) is assumed, where w is the fractional residuzl weight, ¢ the time, T
2 the temperaturce and R ithe gas constant,
s &
F dw E

’ —— = - Aexp|— — ,-)w 1
N d1 PA\™ &1 0
3 If eqn. (1) is differentiated to obtain the maximum for dw/dr then egn. (2) can
:" be derived, where ¢ = d77dr is the heating rate and T, the temperature at the rate
o} maximum.

In (;:) = ln AEE - i}‘- @

m

'S
-
A plot of 1/T,, versus In (¢/T?2) vields £/R as the slope and In (AR'£) as the intereept
k" of the straight line with the ordinate. The main disadvantage of this method is that
i: it only uscs a single point (7} from a trace to produce onc pdint on the activation
* energy plot. A number of experiments are nceded to obtain a reliable value for E.
f‘ There is also the limitation that the theory only works for a first-order reaction.
»
L 4
i
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Kissinger? showed that the technigne can be extended to an athi-order reaction
by dcriving eqn. (3).

e = AnWh oxp (— _E. ) 3)
RT;, RT,,

He shows in his paper that the product 7 w® ™! is independent of the heating
rate (@) and almost cqual 1o vnity. Therefore, eqn. (2) cftectively reduces 10 eqn. (2).
The approach again makes poor use of the informiation contained in a DTA trace.

Ozawa’s analysis® of TG traces begins with a general form of reaction cquation.

dw E .
—— T — —_— e - 4
3 Acxp ( R'I') f(w) (€3 :
{
This is integrated by Ozawa who shows that the colution to the right-hand side of the :
equation is a polynonsial in the variable E/RT. Equation (5) is an approximate )
formula which relates the heating rate ¢ with £,
| log ¢, + 0.4567 e = log ¢ + 04567 -+ ) :
By F BED IR T 0B T BOIRT, g
p - where T, and T, coriespond to the same fractional decomposition (w) of the sample. '

Since a plot of Jog ¢ versus 1/7 can be oblained for cach valuc of w, Ozawa aggregates
all these results in a master-curve with a gain in accuracy of the final result. Equation
i - (5) only assumes that the functien f(w) is constant for a given value of w.

This method also needs 2 number of experiments at different heating rates to
gencrate cnough data for a sin;le activation energy plot, Although the mcthod was
developed for thermogravimetric ‘ata, it can be apphed (o DSC data by integrating
the peaks to give valucs of w, A theoretical analysis of such a process is given by Reed
et al.l.

Berchardt and Danicls® deseribe a method which allows E, 4 and n to be

g determined from the shape of 2 DTA curve. Their appioach was applicd to reactions
in the liquid phase. The type of reaction to which this method is applicable must have
a single rate constant and the activation cnergy must not vary with temperature.
By considering the heat wansfor equation of the calorimcter egn. (6) was oblained

. dN N, { dar ) "
h - = 0 {C -+ KAT b, ‘

L dt KA L% dt f ®

1. .

f': where N is the number of moles present, .V, the initial nwmnber, K the heat transfer

& cocfhicient, 1" the area under the DTA curve, C; the heat capacitics of the Lwo liquids .

- and A7 the wmperatore difercnce hetween the two cells. Integration of egn. (6) with :

Ay respect 10 time gives

b | Ny

¢ A’ = - e - 4 K

: No i {C, AT + Ka} ()]

wherc a is the arca under the DTA curve up (o the present igmperature,
The expression for the rate constant & of a reaction of order # is

, -1, dN/Jd1
X4 P V. Lok § i At
} k= -V e ®)
&', where V is the volume. Substituting eqns. (6) and (7) for d¥/df and N gives
B T
& e {F20) Coar+ KaT
wt No (K¢ =) ZC a1y ®)
: «
{

ATV W L g " T



In order to obiain reaction parameters, Borchardt and Danicls® assumed a value
for n. This atlowed & to e caleutated. A plot of In & versus 1/7 (activation encrgy
plot) yiclds a straight linc i, wnd ondy if, the correct value of » has been assumced,
thus vatues of £, 4 and n can be obtained. The main difliculty of this mcthod is the
number of plots that have to be made for cach value of n until the points lic on a
straight line. i

A number of computer programmes are presentei! by Benin of al.® and used to
solve three problems, namely (i) the production of therimograms given the reaction
parameters £, A, n and given that the reaction is of the nth-arder type; (ii) the calcula-
tion of the (E, A, n) triplet from an experimienta! thermogram --- this ts the inverse to
problem (i); and (iii) the determination of the reaction parameters and the complex
reaction mechanism from a piven cxperimental thermogram. The first problem is a
straightforward function plot of the solution to the nth-order reaction cquation.
The sccond problem is more diflicult, and presents itsclf 1o anyone who wants to
obtain reaction parameters from experimental data. Benin et al. treat it as a problem
in curve fitting. Thcy minimise the discrepancy between the experimentad data and the
calculated function by taking as the discrepancy criterion the maximum deviation of
the function from the data. The solution of the third problem is an attempt to reveal
the mechanism of a chemical reaction. The programunes become quite involved as
they work out activation encrpics for cach scction of the thermogram by using a plot
of reaction rate versus 1/7 for a constant amount of conyeision, a, but different
hcating rates.

The most gencral form of the fit function assumes a decomposition process
which proceeds in a number of individual stages. Each stage consists of an clementary
nth-order reaction, i.c., eqn. (1) with 4, Eand w replaced by A,. E;and w;, respectively,
where “#"* denotes the variable belonging to the ith stage of the rcaction. The program-
me which optimiscs the fit of this function to the daia takes up to4 h of comnputing time.
This makes the method rather eapensive. Ancther weak poiat is the discrepancy
criteria between the data and the fit, which is 1aken as the maximum difference. It is
well known that the data points towards the end of a decomposition process become
less reliable due to impuritizs and zero errors. But these points have the same weight
in the analysis as all the otheis.

Schemipl et al.? describe a programme which fits a feast square polynomial to
the weight-loss curve. The quantity dw/dr ‘s calcviuted by diffcrentiation of the
polynomial. A straight linc is then fitted to a ploc of log & versus /7. and the least
square criterion is used again. The reactior order is assumed to be one, and nd
attempt is made to eliminate the deviations 1:oor an ideal reaction at the beginning
and cnd of the weight-loss curve. Qur work st.ows that this is very critical and can be
obtained from an Arrhenius plot performed y the computer.

NEW MLTHOD

The method developed was based on the ide: s of Borchardt and Danicls®. Qur
data were obtained from both a thermobalance (St mton Rederoft) and a differential
thermal calorimeter (Perkin-Elmer DSC-2).

The analysis assumes a reaction which + in be described by

dw E
G = = o (=g ) 1w (10)

Since the heating rate A (deg min™ " is constant, the time variable can be

climinated fiom cqn. (10) by putting d7'd¢ = hj60 (deg sec™?).
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Taking natural logarithms on both sidus gives

dk" SN A| x 60 ";‘
]“ ( "d‘-") ln 13(!\) .= ,l] ——--i;”"-- o -'i‘(,r (] l)

Note that (-~ dwydr) is it positive quantity since the fractional residual weight deereases
with incicasing temperature,

A ploi of {In(~ dw,dr) ~ In f(w)} versus {1/T} only yields a straight line if
f.{w) hias been chosen correetly. In the case of f{w) = w” the reaction order n is
varicd uwnif a straight {ine is found. The activation encezy £ can be obtained from the
stope of this plot, the fregaency factor A from the intercept on the ordinate and thc
reaction order # is determived by the straight line criterion.

This analysis can alse be applicd to the DSC data since the basic eqn. {12) only
differs from (10) by constants.
-%? = 4 AJw, — w,) A cxp (—- -’—;‘:’7) f(w) (12)

The 4 (=) in the cquation corresponds 10 an cxothermic (endothermic)

reaction where, 0 is the heat given oft by the sample, 447 1s the eathalpy change of the

entirc reaction, wp is the initial weight and w, is the rest weight, and the other para-
melers are as defined previously.
Taking logarithims gives

- In (—‘:g—-) —Jaf(w) = W All(w, — w) 4 ~ }\’E’I ‘ (13)

This time dQ/df at temperature T is the measneed quantity and w needs to be
calculated. This is easily done since, if the reaction results in a weight loss

{

T f 9 (19
]

K The computer numcrically integrates dQ/d? 1o yield the weight at time . A plot
S of {In dQ/dr — In f(w)} versus 177 produces £, 4 and # (if f() = ") in the same way
A as for the weight-loss curves above. The slope is again — £/R and the intercept 5
B In Al (wy — w)A.

In practice the data from the TG or DSC is recorded ou 8 track ASCl paper
tape. This information is then read into disc files of the computer. These files can be
used by the programmes which caleulate the activinion energy, ctc. After these
programmes have run, the plotier output is viewed on a television screen. Only if the
plot is satisfactory is a copy obtained from the plotter for the final analysis. The
dimensions cocrespond to the original output of the chart recorder so that a direct
comparison is possiblc. Diiferant pen colours are uced o diﬂ'qtcmimc between the
raw data (black) and the theoretical fit to the dati (green). These colours are re-
prcs:'mcd in Fig. 1 as a broken line (black) and & full line (green).
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Fig. 1. Weight loss curve of Ca CaQ 1 LO anab sis, The dashied Fine s the onieinat data snd the fult
fine the replot asing the con poted (£, 4, 03 uiplet for the tnee suaieit lee wetions which are

separied By vervical dachad hnes.

The differential programme®

There are thiee different ways in which dilfeveniiials 1o the weigbt-loss cnrve
were obtaimed. The first uses ditferences and produces a noisy differential curve. which
3s, however, nearest to the eriginal data. The other two use a polvnomial it, and a
spline fig, vespectively. The poiyromial G wsaally of 23t order, is generally pood bat
produces artificially Liree wndulations over stvaight regions of the curve, The best
results were oblained by o cubic spline St Thic prosrasmyime fits a third order curve to
secticns of the data, and joins them i such 4 way that the fuoction and the first two
derivatives are contiviecus, The pregramme uses o standard subroutine from the
ots (pomts where two sphings mect)
Hidz means that over a steaight part

Harwell Vortran bbrary winch chonses ns own b
according 1o the bohavionr of e spieinyg! cunve
of the curve a long section cin be e by ovingle cubic spline, whereas at places of
aiv o cheseon 1o be approxsimated. The differential
of the curve s then whttined by ¢ counban dw trd eorder spline, The fit of the
spline and the dilfeventind i verv aecwate The amount of data smoothing achicved
by this fit suits the purpose of Gie foliov tity pragranume (neat section) best.

greater variution, swadier secinens

Yhe programeie 1o ford F.o A and n

Jtis assumied i this analvsis that the reaction that leads to (he weight-loss cupve
is at Jeast picce-wise of the pth ander, e follows cgn. (10) with (s} = w™. This
programe piots In {(— dwids) — n lg wi versus VT for difterent values of n. The
valucs of dw/dr and of v zre obtained from a file that was creatad by the previous
programmte and comains the smoothed weisht-loss data and the differential in the
form of the spline parameters. The vaine of o is taken as scro for the first plot and
thenincreased by @ Yoo times up to 2 <- 2. These eleven lines have different curvatures.
The stvaiehitest of them can camly be selected by eye and (his 7 vatue is then taken as
the geachon order. Tie ~lope wickis £ and the tutercept A4, 1 he resolting triplet of
nurthere (£, 4, #Y ate necessary and <aiviont 1o characterise an ath-arder reaction.
The type of rcaction, To f{w) == w” can be chaured casily so that thie progranime is
appheable to reactions of amy type, e {0 can have any form (e random chain
scission).

L o r . . -
This andd the foitowine preeziamme. ean e obtanad from the mthors.
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The progzramme to predice a theoretical fir from the (E, A, n) triplet
This programme allows the production of a weizht-loss curve with up to four
' different sections vach of which hasits own I, 4 znd » factor, It was implamented on
a Hewlitt Packard Desh top caloutator and plotter of the type HP YRS The theoretival
plots produced it such a way fit the orginal weieht-loss cunve very well. They abse
provide a useful cheek that ali the caliulations necessary to pro:duce this tripict were
correct, and produce a good fit.
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Fig. 2. Activation encrpy plot Tor vaiious valucs of reaction arded . The uvatoe which aives the
best sbiaight jine sewinents is the one appropiidte to the reacuon there 0.6). There are hoce steps 1o
the reaction but the fust two correspond to only va. 27, of the weight-foss.

TEST OF METHOD .

The dehiydration reaction of calcium oxalate monohiydrate
Ca C,0,H,0 - Ca C,0, -+ H,0

is well understood and values for the reaction piarameters can be obtained from the

litcrature® . It thesefore provides a geod test case Tor the new analysis method.

Figure 1 shows the weryht-loss curve of a sample of Ca C,0,H,0. The dashed curve
A represents the original data and the full curve the theoretical fit based onthe compuied

L (E, A, r) tiiplel. Figure 2 shows the activation ererpy plot The number at the end

3, cach line gives the reaction order that is assumed for the calculztion of the conie
& sponding tine, The «traight lines which approximate the cvives best are used to obtain
 * (&, A, n) tiplots for the hree sechons. Sinee these (£, 4, #) triplets completely
specify the reaction the origiral weirht-luss curve can be modetled (full curve Fig. 1)
The sesolts obtaincd with this method, and fitcrature values are summarized in Table
§. All our experinients-were performed at a heating rate of 10 deg min ™', The results
obtaincd in this way have an error of = 5 kJ mol ™! which is due to the variance of the
sampics themsetves. The method itself has much greater accuracy. It was found that
the best straight line could be fitted to a curve corresponding to a reaction order of 0.6

& TABLE 1

I F n A Ref. )

&_ (kJ mole-)}

%, —— —— e e e
87 9.8 This work
34 17.5 This werk
&8 210 8

N 922 9
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which indicates a surface reaction (theorctically 273). Tt can al<o be seen on Fig. 2
that there are theee distinet stages of the reactinn, The first two, however, correspond
to only 2% of the weight and are attributed to volatile substances on the surface.
This shows the sensitivity of the method vsed especially considering that the vertical
axis has a logarithmic scale. The real dehydration reaction is represcnted by the last
straight line segmoent.

The method outlined in this paper has receatly been successfully applicd'® to
decomposition studics of P.ET.N., P.ET.N. with fillers, high density polyethylene
(HDPE) and polytetrafluoroethylene (PTFL).
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SECTION 4

ANALYSIS OF ISOTHERMAL KINETIC DATA
FROM SOLID-STATE REACTIONS
Tose B, TANG and M, M. Cniaunuxi

Phrysies and Chemistry of Sofids, Cavendish Laboratury, Maldingley Road, Canbividye UK
(Reccived December 12 [978)

In most solid state scactions the reaction vejocity can be described as a product of
two functions K(Z)and f{1 — 2) where T is the temperature and 1 the Jegree of con-
version of the solid reactant. Vhe physical interprecation of these functions is discussed,
and a systematic mcthod is described by which ftl - ) of a reaction 1s identificd from
its hinctic data. A(T) and the reaction mwthanism are then determined. Thio N
has been successfully applicd to analyse the hnetics of the tharmal decompo at..a of
silver azide.

In a solid-state reaction, the reaction velecity is given by - d/dr (} ~ a) = 4,

where a = a(f) is the fruction of the solid reactunt wiich has reacted by time /4.

Its kinetics can be solved by determming 7 as a function of lemperature and the

) global amount of reactant left. This phenamenological hnowledps is a necessury,
though not suflicient, condition fur clucidating the reaction mechanisin. It is

necessary to formulate the reaction velocity in terms of the global variable o,

= because there is a continuous coflapse of structure in the reactant. Furthermore,
the lacal conceatration of the reactant varies throughout the reaction volume and

3 1 cannot be used as a state variable. In fact, unlike 1he case of 4 homogencous re-
11 \ action in the liquid or gascous phase. there is no real ‘rcaction order’ with respect
. A to any reactant in a rcaction involving condensed matter whose mechanism is
2 wsually of the heterogencous type.
’ If the reaction proceeds isothermally, it is obsersed empirically that (2. 1)
3 curves corresponding to different temperatures 7 are isomorphic 1o one another.
4' : at Jeast within a range of 7, i.c.. by a lincar scale change in ¢, differcent curves can be
5 k superimposed {U]. It follows that % is a separable function:
] [
X _-'.’,Z ,l ‘ % (i)ilolhermnl = K(T)ﬁ.l - %). (')
3 ¢ W Here {1 — %) may change in different ranges of 7 ot «, For every f{} - a). there
'’ L corresponds a single K(T). It should be noted that experimental data may be ade-
Q i “ quatcly analysed by (1) only if it has been ensured that the temperature distribution
¥ -1 <3 in the sample is sufliceently uniform and corstant. Furthermore, the theoretical
. 1, N ; significance of K(T)and K1 - o) determined fror 1 the data should always be exam-
5 4o incd with] tegard 10, the class of mechanisms L hey indicate. A question of con-
X | R iency arises in this respect. In the literature, cohcrent and integrated accounts
" ¥ ' of the physical (s contrasted with the formal) meanings of K(T) and /(1 — 2)
P are not casily found. A discussion on their ir.erpretations therefore forms the

first part of this paper. In the second part we propose an eflicient method of de-
$ termuning. with contidence, both /(i - )y and X 7 from 5 and a(r) data. The inter:
pretation of ft} — 2} is the exsential fink 10 this method between the evperimental

. data and the functions.
i Physical interprota ions

>

i The funciion f(1 -2}
Wt Sohid-state reactions are complex prevesse: which prececd in seveiand stages,
. ;. These can be the delacabization or tranaler of 4lectrons in chenmesl bonds (in the
.i case of non-metals), the ditiusion of atoras, e - radicals, or ions, the desorption
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of product molecules when thev are in the gaseous phase. the heat transfer to the
reaction zone in the case of endothermic reactions. and the formation of a new solid
structure (crystalline or amorphous) if one of the products is in the solid phase.
The last step may often be further differentiated into nucleation. growth of nuclei
(at velocities which depend on sizes of nuclei) [1) and sometimes the collapse of
the lattice from a transitory one to the equilibrium structure {2]. Irrespective
of the details of reaction mechanisms. however. under a given set of circumstances
(T. x. sample history etc.) one of the stages will be the slowest. It then acts as the
rate’ limiting step of the reaction, and it wiil determine the kinetics i.e.. the rate
faw in (1),

Further. a solid-state reaction has. in contrast to a homogeneous reaction whose
progress is independent of spatial coordinates, an additional controlling factor.
namely topochemistry. This refers to the geometrical shape of the solid reactant
and. in different cases. to its free surface area. its defect structure. the thickness
of the product layer if solid. or to the product-reactant boundary, etc.

The function f{1 — x) reflects the nature of the rate-limiting step and the topo-
chemistry of the reaction. It may accordingly depend on certain sample conditions.
such as whether the sample has been pre-irradiated or bleached. and whether
the sample is in the form of a powder. or a large single-crystal of a different shape
from the crystallites. It will vary in several ranges of 7 if in each of them a different
clementary step becomes rate-limiting. as occurs in the decomposition of potassium
azide [3). At a given temperature. it may also change in different ranges of x.
due to the switching of the rate-limiting step or topochemical changes. This hap-
pens, for instance, in the oxidation of zirconium [4] and in most decomposition
processes [1]). An extreme case is the decomposition of ammonium perchlorate
which, in the two temperature regimes below and above 620K, has entirely dif-
ferent reaction mechanisms and in fact yields different reaction products [5].

In such cases there may be competing paths for the chemical reaction or it may
in fact be followed by another chemical reaction whose ‘onset temperature’ is
higher. In all possibilities. however, Il — z) should be the same for a given &

incependent of I (within a range) if it is to have more than only an empirical

significance.
In Table | we have collected together the more common forms of Al ~ x)

which have been used in the literature, and the corresponding integrated forms
! z
{ dr /A1 — 2) = | dx{A1 = x) = F(2). Note that F(x) = K (1 ~ 1,) if the range
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of x for which it becomes applicable starts at x = x(r,). Also. for simplicity here-
after we write K for K(T).

In many reactions. such as most deccmpcsiticrs and dehydrations, the rate-
limiting step takes place at the interfzce bctween diffcrent phases as in sublimation.
The speed at which the interface Mo\ (L Luia Wie 1cactant is (at a given temperature)
then either a constant, or a unique function of the interfacial area. This area
therefore. from the kinetic point of view, plays the same role as that of con-
centration in homogeneous reactions. If the speed is constant, then the theoretical
significance of f{l — a) is clear: it gives the area expressed as a fraction of the
original area at 2 = 0. This is the case of a reaction controlled by the movement
of a coherent phase-boundary and listed as F. G and H in Table 1. In this situation,
the explicit form of Al ~ x) depends on the geometry of the reacting system,
though generally it is a decreasing function of x or at most constant.

If the reaction consists of the formation of compact nuclei of a solid product
at localized places in the reactant followed by their relatively rapid growth, then,
to express the total interfacial area, {1 - ) is derived from the laws of nucleation
and growth. This is the situation when the reaction is autocatalytic [13): reactant
molecules at a reactant-product interface react in preference to those at a reactant-
‘vacuum' surface. The preference is due to the existence of microstrains in the
reactant at the interface, or due to the electrochemical potential of the product
phase when the rate-limiting step is a redox process. The various possible forms of




36.

ft1 — 2) for an autocatalytic reaction are listed in Table 1. 4 10 E. Note that they
have the general form /il — 1) = s™(] — 2)% In 4. B and E. ¢ is zero and x
increases monotonically with x. Such a situation is most unlikely to last up to
x = |. These types of f(1 — x) therefore may apply only to the acceleratory part,
if it is present in the a-time curve and which will usually be followed by u decay
part. In C and D. q is non-7ero and these types give sigmoid-shaped curves. The
inflexion point occurs at x’ = p,(p + ¢). as can be seen at once from the condition
% = 0. Itis thus kinetically feasible for them to fit the complete experimental curve.
There are. however, physical grounds to consider that even they should be used
10 analyze only the acceleratory period [1].

In other reactions the rate-limiting step is not confined to. or does not only
oceur at. the reactant surface. For instance. in the unimolecular-decay type of
reaction. all molecules whether on the surface or in the bulk have an equal proba-
bility per unit time of reacting. This is the case when the change from the re-
actant to the solid product phase invalves little re-arrangement of the reactant
atoms. The reaction has homogeneous mechanism and thus 4 true reaction
order of one. be. il — 2) = 1 — y. Many decomposition reactions tend to this

Table 1

The common types of solid-state reaction

Reaction

Autocatalytic Power-law nucleation and growth at constant speed: 4
Linear branching chain of nuclei, no overlap during growth: B
Branching-chain nucleation. interference during growth: C
Random nucleation, growth accompanied by ingestion of nuclei: D
Instantaneous nucleation. size-dependent growth: E

Phase-boundary controlled decay l-dimensional: F
2-dimensional: G
3-dimensional: H

Unimolecular decay: /

1-dimensional: J
Diffusion-controlled 2-dimensional: K
3-dimensional: L
N~ 2 =ik Fla) ~ Kt b Reference
A at-in nx' " % 1.27n (3]
B 1 Inx— C(T) " (71 .
C 2(1-1n —Inf— (1 -1 - ® 18)
-~ C,
D {-tlm(d - P -2~
e L { I T a{—in(l — H}m n [9. 100 ™
E A Az — 2~LF) w )
F 1 Y 1.24 (3]
G (- e 24t - (1 = vy 111
H (- 1) 31— (1 —~ 2R 1.07 [12]
[ —-In(l - 2 1 (3l
J 1> 7?2 0.62 {14}
K 1i—=in(l—~mn T+ (1= Nin(l — 9 0.57 [14]
L op{d=2"B-1-n"13) ~ I— (1= qpmlz2 0.54 usy»

f
1
=30 - 3 {—in(l - 0

L0 — 3= 1) > KIS (R TEL R R 0.57 nejy™
>3{-mt— n} -1

i) Log {~In(} — 7] = Constant + mlog?,0.15 < x < 0.5
i) Plot of L.H.S. in i) against log ¢ distinctively concave upwards: C, and », arc constants
while C(T) is function of temperature
i) b = 0.774, 0.700. 0.664. 0.642. .. .. 0.556form=23.4.5.... ¢
iv) Alternative derivations; we have obtained the approximate forms of f(l — x) by ex-
panding into series (1 — 7)~* and (1 — »)~'¥ 10 second order in :: resulting error 2 »* 6
{<10°, for 2 < 0.8)
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limit at high x values. Another example is when the rate-limiting step is the
migration of product ions along the dislocation network to form additional
growth nuclei at dislocation nodes [17). This leads to f{l ~ a) = x, the same form
as for branching nuclei {7]. The slow process of ‘ageing’ in some explosives when
they are stored at room temperature may be by such a nucleus-chain mechanism.
A third category consists of reactions controlled by the diffusion of reactants
across a product layer which is solid. The diffusion may proceed uniformly through
the bulk of the layer and is thus structure-insensitive, or preferentially along its
gross lattice imperfections arising from product-reactant mismatch. In the case
of uniform diffusion. the speed at which the product-reactant interface moves is
a function only of the product thickness (and temperature), and the appropriate
forms of f{l — a) are included in Table 1 as J, K and L. The oxidation of metals
often follows diffusion-controlled Kinetics: in sheet form these tarnish according
to the parabolic law 2* x . Exceptions aret hose metals in Groups la and Ila of
the Periodic Table. Excluding beryilium, they all form oxide layers which are
porous, so that the atoms of the metal do not have to diffuse through a coherent
layer before coming into contact with oxygen.

The function K(T)

It is almost always the case that the temperature-dependent part of (1) can be
represented successfuily by: —

K(T) = K. exp(—EjkT) )

in which k& is Boltzmann’s constant, and the macro-kinetic constants E and K,
" do not depend on T (within the range), though usually they take on different values
when f(1 — ) changes.

If it is established that the reaction is rate-limited by a diffusion or migration
process, the interpretation of K(T) is complicated, but obviously it is proportional
to the corresponding transport coefficient, which in general is an exponential func-
tion of T. An over-simplified theory for the situation of uniform one-dimensional
diffusion gives K(T) = (S/V,)*D(T), where S is the interfacial area, ¥, the initial
volume of the reactant, and D(T) the diffusion coefficient (cf. [19]).

For a single-solid-reactant reaction which is controlled by a surface process,.
on the other hand, the simple theory of Shannon [18] is often successful. This
theory is a generalization of the Polanyi — Wigner equation. Assuming the existence
y of some activated complex, which as a transition state can be treated in thermo-
dynamic equilibrium with the reactant, he related the pre-exponential factor K

N

1 to the rotational and other internal degrees of freedom of a reactant molecule
""; in addition to the vibrational ones. Following Shannon we can set: —
L4
N K. = (kT/h)exp (45%k) 8S,/V, 3)
¥ ' and exp (~E/kT) = exp (~ 4H*/KT). )
" Y Here the mean-frequency factor kT/4 containing Planck’s constant is usually in
c i the region of 10" s~!(see below). 45* and AH?* are respectively the entropy and the
enthalpy of formation of the transition complex, J is the thickness of one mono-
. layer and V,, the initial volume of the reactant, and S,f{1 — %) gives the free sur-
hn face or the product-reactant interface area when the degree of conversion is a.
lv (Strictly speaking, it has been assumed that the reaction proceeds isobarically).
B Note that in this interpretation the empirical quantity K, contains the surface-
ﬂ‘, -to-volume ratio and so depends on the sample geometry. Also, it is apparently
. proportiona) to T. (In gas reactions, the collision theory gives K, xT%) In our
5 opinion. however. if the vibrational modes are being considered then only at low
;Ji temperatures will the peak distribution of phonon frequencies lie at k7/h. For
e most substances (with the exceptions of Be, Cr and diamond) the Debye tempera-
1 ture Ay, is less than 500K. so that the frequency factor should stay as k0, h < 10'3s-!

for all likely experimental temperatures.
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The factor exp{4S* k) may alternatively be written in terms of partition func-

tions as Q%/Q. which can be determined from spectroscopic data [20). In most -

cases AS* cannot be larger than the reactant entropy of melting, and exp(4S%/k)
comes out normally between unity and 10*. Occasionally exp (45%K) is found to
be less than unity, as is the steric factor in gas reactions. Such a negative value of
A45% means that the activated complex is more ordered than the reactant (e.g.
[21]). Experiments on some decomposition reactions have given K which are ab-
normally high in comparison to the theoretical values of (3). Hypotheses put for-
ward to explain such discrepancies include co-operative activation [22]. proton-
delocalization [23]. and a mobile layer of molecules on the reactant surface [18].

Kinetic analysis
Current practice

In determining the kinetics one wishes to find K, . £. and f{l — 2) or equiv-
alently F(x) so that the reaction velocity can be predicted at any given T and .
This is commonly done by analyzing a set of x(r) or equivalently 3(r) values ob-
tained by monitoring a number of samples reacting isothermally at a number of
temperatures. The consistency of the K, and E values with f{1 — a) should as far
as possible be assessed, and correlated with, for instance, microscopy.

A quick method of calculating £ was used by Haynes and Young [24]. Consider
a set of («. 1) curves which have been found to be isomorphic. For any two curves
(2, ;) and (2, 1,) corresponding to temperatures 7, and T, respectively, one can
write

F(2)) = t,K, exp (—=EjkTy)

F(12) = 'gK” exp ("‘Er’AT_)) .

)

By choosing points corresponding to the same x on the two curves so that f{a,) =
= F(x,). E can be evaluated by plotting In 1 vs. 1:7. On the other hand, to deter-
mine F(«) often a trial-and-error method is resorted to. Conflicting forms Jf the
function have sometimes been asserted by several authors for the same material,
like NH,CIO; (see [25]) and KM, 0, (see [26]).

A conventional way of superimposing isothermal curves is to convert them into
‘reduced-time plots' by individually scaling their r-axis with the factor 1/r,, where
1, is the time when z = 0.5 on the j-th curve. In this way K(T}) is absorbed into
cach scale factor and all (2. 1) = (0.5. 1) points coalesce. while other x(r) points
may be plotted out to see if the curves are indeed isomorphic. Sharp et al. {27]
tabulate the theoretical values of x against ¢/t for some of the F(x) shown in Table 1.
They propose that by comparing experimental data with such master values the
correct F(x) can be identified.

The above method may, however, result in ambiguity due to a number of as-
pects. Experimental data contain random errors. but no simple statistical analysis
can be applied to the identification criterion it employs because no straight-line
graphs are involved. Additionally. a general problem for all isothermal experi-
ments is the zero-time uncertainty. The finite time taken by the sample to reach
the designated temperature may be negligible relative 1o 1. yet may affect the com-
parison with the tabulated values [28). Moreover. F(2) may change in different
regimes of the a(r) curves. as mentioned earlier.

A new method

Here we suggest a step-by-step approach to determine Fix). It was noted by
Hancock and Sharp [28) that for many forms of F{z), the plot of log[~In(l — x)]
vs. log r is almost linear if z is restricted 10 between 0.15 and 0.5. Using a com-
puter program to generate artificial values and their log-In plots. we have found
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this true for all the theoretical forms listed in Table 1. with the exception of B.
C and E. The slope in each case is listed there under the Column *mi'.

Obviously a log-In plot is not very sensitive. Il we were to rely solely on it to
discriminate between the functional forms of F(z). the experimental data would
have to be of the highest quality. A slightly more sensitive way is to plot [~In(] —
- 13]' ™ vs. 1. but then m can only be obtained iteratively. Fortunately. m does
ditfer significantly between different groups of F(x). and the final discrimination
v eisthy achieved by a further graphical step. There are three possible situations
ror this second step: ~

b

ni 2 or log-ln concave upwards

[t will be seen from Table 1 that this situation suggests an autocatalytic reaction.

tor which ¥ = Ax®(1 ~ 24 for certain p and ¢. From the experimental data of %
and roone can then do e east-squares it on the graph ol 1log % 4 log x against
Jlogil - ) dlog x and find p from the r-intercept and ¢ from the slope. Here

Alog 3 = log 2r) - log #1,). ete.

For an % expression of this form. one has p{1 — %) = ¢x’. where %" is the value
at maximum i. Using this relation to reduce the number of unknown parameters
to one, one can use a simpler graph to determine p and ¢ [26]). However, the cal-
culated values of p and ¢ are then subject to the accuracy of 2’ and. more funda-
menitally. the possibility that p and ¢ may change from one range of % to another
is not allowed for. As mentioned above. those tyvpes of f{l — ) in which ¢ = 0
represent the acceleratory period which. in general should be followed by a decay
period governed by a different form of /(1 — x).

m=1

The reaction is either phase-boundary controlied or unimolecular. and % =
= K(1 -~ 2)%, as seen in Table 1. One then draws the graph of log % against
log (1 — 2) to find r. the apparent reaction order.

3 m=>05

The reaction is diffusion controlled (see Table 1). One has to test separately
whether x(7) is parabolic (the diffusion is in one dimension). or —%In(] — %) =
= K(1 — 2)* with s = 0 (two dimensions) or 5 = |.3 (three dimensions).

The correlation coeflicient in the least-squares fit serves. by measuring the li-
nearity of the % graph, as a quantitative indication of the confidence to be attached
to the identified form of {1 — x). It may be that p and ¢. r. or 5 change once or
twice as the reaction proceeds from beginning to completion. but the % graphs
will show it by displaying several linear segments. If however. a part of the graph
say from (x,. 1)) to (2. 1,) is non-linear. then F(x) has changed to a form in another
group. The first step should then be repeated for that part: log [—In(1 - [x + x,]’
11 = 2] is plotted rs. tog(r — 1)) for x between x, + 0.15(x, — 2,) and z, + 0.5
(2, — 7,). followed by one of the above three alternative procedures. On the other
hand. if a good fit is found with values of p and g. r. or s that are not in Table 1,
the experimenter should assess whether theoretical justification can be provided.
In this way new rate laws may be identitied.

Confirmation is carried out by plotting the selected functional form or forms
on top of the experimental curve. A slight misfit in the very early part (~ 1
minute. depending on the sample size and the environment) may be attributed
to thermal lag-time and ignored. The % graphs give A. and from a set of K values
at different temperatures K, and £ can be determined. Note that the determination
of these macro-kinetic constants depends on the form of f{1 — x) chosen. as it
should be.
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It may be added that we see it an immediate possibility to have full automation
in the acquisition and processing of data in thermal analysis experiments. The
hardware can be under the control of microprocessors or dedicated minicomputers,
and their output would go into a computer or the same minicomputer. A com-
puter program can then reduce the data to x(#) or #7) curves. and further analyse
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Fig. |. Decomposition of a single crystal of AgN, at 551 K; 1. Thermogravimetric data.
2. a-time curve, 3.1 — (1 — ' ¢ s, time.

Fig. 2. Log-In piot

the curves to identify f{1 — x) and so calculate K, and E. according'_to the method
proposed here. Nevertheless, the physical interpretation of these results by the
experimenter remains the crucial step.

The method has been applied to investigate the kinetics of slow thermal de-
composition in silver azide single crystais using thermogravimetric data. Curve {
in Fig. 1 is a typical experimental curve of weight loss against time ¢, and Curve 2
is the corresponding reduced-time plot of 2 vs. 1 7. In Fig. 2 we plot log{—In(1 -
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— 2)} es. log(t/7) for 0.15 < % < 0.5. obtaining essentially a linear graph of slope
=1.1. The decomposition of AgN, therefore appears to be phase-boundary
controlled or ummaolecular. Accordingly, we draw in Fig. 3 the graph of log 2 rs.
log(I ~ x). It shows that between | — % =1 to 0.1, 2 = K(1 — 2} with the
correlation coeflicient among the data points better than +0.9. Indeed, the plot
of 1 — (1 — 2)' rs. r(Curve 3. Fig. 1) is a good straight line. with a correlation
coefficient of +0.99 for 0.1 < z < 0.9. The decompaosition is thus of the contract-
ing cylinder type. We have also obtained X, and E. and found that their inter-
pretation in terms of Egs (3) and (4) leads to a plausible physical picture. Further
details are given in a separate paper devoted to the mechanism of the thermal de-
composition of AgN, (30].

In a second paper [29]. we discuss the analysis of dynamic kinetic data which
are easilv obtained from modern thermoanalytical instruments.

Conclusion

We have described a systematic method for determining the kinetics of solid-
state reactions from isothermal data. It may be stressed once more that whenever
possible a judgement should then be made on the consistency of the K, and £
values with the implication of f{l — x) regarding the likely mechanism of the
reaction.

»
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SECTION 5

ANALYSIS OF DYNAMIC KINETIC DATA FROM SOLID-STATE
REACTIONS

ToNG B. TANG and M. M. CHAUDHRI

Physics and Chemistry of Solids, Cavendish Laboratory, Madinyley Road. Cambridge U. K.

(Received December 12, 1978; in revised form August 20, 1979)

The kinetics of heterogeneous reactions, involving one reactant in the solid phase,
usually follow the law ¥ = K, exp(— E/kT)f(1 — 1), where x is the degree of conversion
of the solid, and K, and E are the kinetic constants. A critical examination is given of
the various methods which are currently used to analyse dynamic experimental data.
The limitations of these methods and their insensitivity to the form of f(1 — 1) are
pointed out. An alternative approach free from these limitations is suggested. In this,
f(1 — 2) is determined from isothermal experiments, and then the dynamic data are
accurately analyzed to obtain the values of the kinetic constants. A case study is given
to elucidate the applicability of the approach.

There are many reactions of interest in which one of the reactants is in the solid
phase. These reactions can be classified variously as decomposition, dehydration,
calcination, dehydroxylation, reduction, polymeric inversion and degradation,
oxidation etc., and they occur in a wide range of substances including ceramics,
explosives and biological materials. The dynamic method of studying their kinetics
involves measuring the reaction rates under conditions of a continuous temperature
change.

Originally proposed by Skramovsky {1}, the dynamic method is becoming in-
creasingly popular, especially with the development of differential thermoanalytical
technigues like DSC and DTA. Since the initial temperature can be chosen so that
the reaction rate is relatively insignificant to begin with, it does not suffer from
zero-time inaccuracy —a problem which exists in isothermal experiments where the
temperature is raised rapidly and then held constant at a particular value. A further
advantage is that, provided the dynamic data have been unambiguously and cor-
rectly analyzed, any changes in the kinetic constants will not be over-looked even
within small temperature intervals. In contrast, the isothermal method only pro-
vides values averaged over discrete points in temperature. Also. when the method of
analysis used is such that the kinetic constants are calculated from each dynamic
curve then very few samples are required; only a milligram or so of the material is
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needed for its thermal characterization. If many runs are indeed carried out. differ-
ences between individual samples can be determined. The last two advantages are
particularly useful in single crystal work.

On the other hand, intrinsic differences should be carefully distinguished from
the effects of experimental conditions. In the first case literature data have shown

that experimental parameters such as sample mass [53] and shape. particle size in
the case of powder samples. and ambient aimosphere (or vacuum)can affect signif-
icantly the calculated values of kinetic constants (see {2]). If this happens. then
whenever possible the empirical results should be extrapolated 1o refer to a ‘stan-
dard” set of experimental conditions. Secondly. the heating rate very often affects
the shape of the dynamic curve obtained, but discussion will be deferred 10 the next
section. Lastly. the very fact that temperature is now a variable. in addition to time.
complicates the analysis of data. If duce care is not taken. either inaccurate or totalh
misleading values are obtained. In fact, a survey of the literature reveals several
instances of high-quality experimental data being mis-interpreted by methods
beyond their ranges of validity. In this paper, we first describe the various methods
and point out their limitations. We then defend the approach in which use is made
of both isothermal and dynamic experiments. The analysis of isothermal data yields
J{l —x) (as defined below) unambiguously and. knowing f(1 —a). one can calculate i
individual values of the kinetic constants from each set of dynamic data. We may
mention that. historically, isothermal experiments were the only ones employed
in the pioneering age in the twenties and thirties. when solid-state reactions began
to be studied from the modern point of view, as distinct from that of Langmuir.
Nernst and Tammann.

Kinetic equation

As discussed elsewhere 3] the kinetics of a reaction proceeding isothermally can
usually be described by the empirical relation:

(u')imlhermnl = Krf(l—ﬁ)exp(—E/kT). (-

Here x is the fraction of the solid reacted, k Boltzmann's constant. 7 the tempera-
ture. and f(i —2) and the constants K, and E are characteristic to the reaction.
The function f{1 ~ x) may change in different ranges of x but is. for a given x, inde-
pendent of T. at least within a range of 7. K, and E should be the same for the
same f(1 — 2). If the rate-controlling step of the reaction occurs on the reactant-free
surface or on the reactant-product (solid) interface, then K, will contain the sur-
face-to-volume ratio. In other words, the reacting system should really be normal-
ized per unit area rather than per unit size, and K, be given in units such as mole-
culess™ m~2

Some authors have questioned the general validity of {}) on various grounds
{4—7]. However. in the literature (1) is almost always successfully fitted to experi-
mental data. Indeed. this empirical relation can be given mechanismic jutification
(see [3)).

In dynamic experiments, also. it is commonly agreed that (1) may be adapted to
describe the reaction rate:

& = K, fll —=x)exp [ ERT()) @

T(r) is controllable by the experimenter. Some temperature programs offer the
mathematical advantage that exp [—E/AT)T can be integrated analytically (see
later discussion on integral methods of data analysis). Examples are the hyperbolic
program where /T = A — B1. ie. T = BT* [8, 9]: a parabolic program in which
AT + BT — C = t.i.e. UT = 2AT + B. with B = AE/K, by iteration [10]): and
an exponential program so that T = exp (— B/T) with 8 > Ek [10}. For the sake
of experimental convenience, however, the arrangement is usually that T=¢
(A. C and ¢ represent constants in a particular run of experiment).
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However. it has been taken by some authors who object to (2). that

ca

dx = ‘-_- } dr + ‘:;'dT+ ':;

d¢ (3)

ol

2 . .

where ‘-‘-_-’-| = (A sormermarr TNE argument is then that (2) is seen to be inade-
th're

quate even in the case of d¢ = 0. since the second term on the R.H.S. of (3) is non-

zero but left out in (2): see e.g. {11, 12]. It has further been proposed [13]. by a
derivation starting from (3). that (2) is correct only if it includes the extra factor

[V + (I = T\T)EIKT]

i which 7, = T(0). But we hold that (3) is unsound. Given 1. T and ¢. 2 is not
uniquely determined and therefore not a function of these system varubles: &dx >
> 0. as x cannot decrease even for negative d7 and d¢'! Nevertheless. the inexact
differential dx can be integrated. if the dynamic process can be treated as the limit-
ing case of a series of time intervals, during which the reaction proceeds isother-
mally according to (1) but at the end of each of which 7 is altered. in a time so short
that during it the sample is unchanged. Along this path P the result is easily ob-
tained {14}:
x T
da 3 K, ¢
J J Kar= = ; exp(—EkT)T (4)

where K = K, exp(—E[/kT). We must emphasize that (4) is not logically self-
evident, as is sometimes implied [14) or argued by mathematical operations based
on the presumption that x = x(7. r} {15]. Rather, it comes from the assumption
that the reaction under study involves no slow processes, so that % depends only
on the present values of x and 7' (& is a function of state). but not on the history of
the reacting system (c.f. [16]). Only by this assumption (absence of memory effects)
can the dynamic process be treated as P. (Experimentally, a temperature program
with temperature jumps. which approximates P, has been realized on a thermo-
balance interactively controlled by computer {17].) Equations (2) and (4) are of
course equivalent. Their validity has also been shown by ‘rational’ thermodynamic
arguments. in which the functional relation % = g (s. K1) is regarded as the ‘con-
stitutive equation’ characterizing the reaction system {I8]. In a new direction.

the possibility has been suggested [64) that solid-state reactions may be studied
by far from equilibrium thermodinamics.

On the other hand, experience shows that apparently (4) is not always followed
exactly. Consider a reaction being investigated by a series of experiments conducted
at different heating rates ¢ but with the same initial temperature 7. In (4) we see
that the R.H.S.. for a given upper temperature limit 7. is directly proportional 10
1/¢. Plots of the L.H.S. vs. T should therefore all have the same shape. It may hap-
pen. however, that increasing departure from isomorphism is seen when experimen-
tal data obtained at higher ¢ are so analyzed. The most probable explanation is that
the temperature change is too fast, causing the temperature distribution in the
sample to become significantly non-uniform. In fact. thermal equilibrium is an
underlying assumption when (4) is derived above: without it 3 will depend on the
thermal history of the reacting system.

Other factors may also be at work. The reaction rate may be sensitive to the
structure of the reactant, and a higher ¢ can enhance the defect density or change
the activation energy of reaction at a defect site {19). ln branched-chain reactions,
the speed of the progressive accumulation of active centres may vary with the rate
of change in temperature (20]. If the reaction is a surface process. the distribution
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of reaction ‘centres’ among corners, edges or faces of the sample may change with
¢ [21]. It may also be that the chemical system under study has multiple reactions
proceeding concurrently in it, and they have different E [22]. All these variations
in E may be accompanied by changes of K. in the same direction. Because of this
coupling, a linear relation between E and log K, is sometimes observed. Called the
‘compensation effect’, this phenomena does not necessarily mean, as was suggested
{4]. that the Arrhenius expression in the R.H.S. of (4) is invalid. In all these cases,
by varying ¢ the experimenter can. in fact, gain additional insights into the mecha-
nism of the reaction, or distinguish between the competitive reactions in the react-
ing systems (a situation usually, though not always, indicated by the presence of
multiple peaks in the a curves). This is possible if the method of data analysis
employed is such that K, and £ are determined from a single % or x curve, rather
than from data at a number of heating rates. The method we suggest will be of this
type.

l: may also happen that in (2) K. x T, so that it cannot be taken outside the
integral sign in (4). Indeed. modifications have been suggested of some methods of
data analysis (those that assume a reaction order for the reaction) to take this extra
temperature dependence into consideration [23). However, even when theoretically
required, the correction may for practical purposes be ignored, unless E is small or
temperatures used are very high (d In K/dT = (E + kT1/kT?). Likewise, any slight
temperature dependence of E can usually be neglected. Furthermore, irrespective
of this or the above complications the form of f{1 —a) in (2) and (4} is not affected.
It should be the same as that in (1), on the basis that the dynamic process can be
treated as the limiting case of a series of isothermal intervals, as already mentioned
above.

Data analysis

Experimentally, d or x is obtained by DSC. DTA, TG, DTG, quantitative IR
spectroscopy or X-ray diffraction, dilatometry, or measurements of chemi-lumines-
cence, ultrasonic attenuation, diclectric constant, viscoelasticity, thermal or electri-
cal conductivities, or optical reflectivity when changes in these characteristics can
be correlated with a. The oldest technique is thermomanometry, in which the pres-
sure of an evoived gas is measured at constant volume, but its use has so far been
more popular in isothermal experiments. Many methods of analyzing & or a data
have been proposed to calculate the kinetic constants £ and K, (for a critical
review of the earlier work see [24]) and sometimes also f{1 —a). Often they were
originally formulated with reference to one particular instrumentation, but they
may be made generally applicable to all techniques after quantities measured on
DSC, DTA. TG instruments etc. are all interpreted in terms of x and d. On the
other hand, their validity does depend on the particular reaction whose data are
being analyzed. Their limitations in this respect form the subject of our discussion
below. They will be examined in three groups: peak-temperature, integral and
derivative methods, in this order. Sophisticated instrumentation systems are com-
ing into use, that incorporate computers to establish baselines or other null settings,
to carry out automatic data acquisition. and to let the experimenter interactively
analyse the data (e.g. (25]). Such advances do not, however, remove the danger of
uncritical choices of the method of data reduction.
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Critical examinstion of current methods

Peak-1emperature method

Kissinger [26] considers reactions of the type f{1 —x) = (1 —x)". Differentiating
(2) with respect to ¢, and setting the resulting expression to zero, he obtains

% EIkN@ITE) = exp (—E/kT, )l —a,)"'d,, (5

in which m. signifies ‘p:ak’ quantities, at the point of maximum 2 where # = 0.
He next assumes that m(1 ~2,,)" ! =~ 1: therefore

¢Tm2m CXP(—E/kTm) (6)

regardless of n, which itself may be calculated from the shape of the x (1) curve.
L and A. on the other hand, are obtained by performing a series of experiments at
different ¢. An aspect, which we regard as an inefficiency, of Kissinger's method is

. that only one point on the curve is used although, in the case where multiple peaks
occur signifying that different /{1 - 2) and £ govern different sections of the curve.
the method should still be applicable to each peak.

There is, however, an important limitation. The a priori condition that f{1 - a) =
= (1 —-%)" is actually valid only in very special circumstances, namely when the
rate-limiting step of the reaction is the inward movement at a constant speed of
the reactant-product interface. where n is 0. 15 or 2/3 for one-. two-, or three-
dimensional movement, respectively, or when the reaction is unimolecular so that
n = |. Even among these special cases, the other approximation that Kissinger
uses is still conditional, since n(1 —2,,)" ! = 1 only forn = |. When »n is 14 or 2/3.

- this expression varies with =, approximately as 4a,, n(l —n)/(1—2,)>"" > 0.2
41, where Aa,, is the variation in «,, itself. In the Appendix we show that 2,
changes with ¢ in the general case. Hence, when an apparent reaction order exists
and is Y5 or 2/3, Kissinger's method can lead to a systematic deviation in (6) and thus
generate a significant but hidden error in the calculated Eand X, .

If no apparent reaction order exists, then it definitely should not be used.-other-
wise an approximately linear plot from (6) results in totally misieading values of
the kinetic constants. An example is in the decomposition of benzenediazonium
chloride: it derives from DTA data a value of E that is 40 % lower than the nearly
identical values, obtained by applying other methods of analysis to the data from

m DTA as well as other techniques [27]). Other examples are in the study of lithium

' aluminium hydride, where the Kissinger values are half of the isothermal result

(28], in RDX where it is again 409, lower than all the values calculated by other

1! methods [29], and in urea nitrate, where it is 30% lower [30).

»

t“, Integral methods

‘4 : The L.H.S. of (4) is a function of a only and will be denoted by F(«); the R.H.S.
i T

™ can for practical purposes be equated with | K/ d7, since in experiments T, will

o
be such that reaction velocity is negligible below it, i.e. T;, <« E/k. In view of these
: considerations, many authors have proposed different methods of analysing a(7)
. data. T
S The temperature integral ‘ exp (— E/kT)IT has no analytical solution. (In the

’f unusual case of a hyperboﬁc, parabolic or exponential temperature program,
a on the other hand, exp (— E/kT)/T is integrable.) The numerical values of the inte-
gral have been compiled but, being a function of both E and T, are not directly

3 useful unless an iterative solution of (4) by trial-and-error is resorted to. Such an

&‘ approach has been advocated by Zsaké [31) who considers in particular the cases

of il ~2) = (I —a)" with n= 0, 1/3, 1/2. 2/3. 1 or 2. when g(a)= log ] m‘_’}&j
;
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has simple analytical expressions, and by Satava and Skvira, {32] who generatize
the method slightly by tabulating the values of g(x). 0 < z < 1, for some other
forms of f{1 — ).
For more efficient approaches, approximations to the integral are necessary.
Thus, taking the first two terms in an asymptotic (v = E/kT — o) series of
M

‘ exp(—1) ‘:: Coats and Redfern obtain the linearized relation [33):
’ In(FET) = A ~ EIK(T™") m

wheic 4 = In(K, k/EPK | — 24 T/E )is *sensibly constant® if the range of temperature
AT is small. They further assume that f{1 —2) = (I — )", and so F(a) can be cal-
culated at each (2.T). Plotiing (7) for several values of x thus gives E and K, .
making usc of only one set of data corresponding to a single ¢.

Several cautionary notes should again be made here. The assumption for f{1 —a)
has already been discussed. Similar to the case of Kissinger's method, results ob-
tained may be wrong and misleading if this functional form is not independently
determined beforehand. Thus, in a study on the dehydroxylation of kaolinite {34].
straight lines over different ranges of (7~') are given by (7) for a whole series of
values of n. namely, 0, 0.5, 0.667, a and 2. In particular. plots using n = | and
n = 2 are almost equally ‘good’.

Secondly, the accuracy of the asymptotic approximation is rather low. By com-
paring its values with tabulated values of the integral [31. 35. 36], we find its rela-
tive errorstobe A///= 207, at u = 5, 5% at u = 10, and 1.5% at u = 20. Thus, for
example. if E iseV, then for an accuracy of 989 the highest temperature reached
in the experimental run should not be more than 600 K. a very low figure for most
materials though it is higher for larger £. Additionally. expanding 4 into a power
series shows that 44/ A~ 2k AT/E, so that at say 2%, inaccuracy the range of tempera-
ture. 4T, from which (a, 7) points are selected should be less than 100K (for E =
1eV). The total possible deviations in the calculated £ and K, are, to first approxi-
mation. the sum of the 4/// and 44/A. It certainly is unsatisfactory if they arg largé
and yet nowhere mentioned in the calculation.

Other approximations to the temperature integral have been suggested by van
Krevelen er al. (37] and by Horowitz and Metzger [38), who made use of certain
asymptotic expansions in the vicinity of T, the temperature at peak reaction rate.
Both have been shown [39) to be even less accurate than the Coats and Redfern
approach, and so will be left out in our discussion.

Amongst the integral methods. the best is probably the one due to Ozawa, which
requires data at different ¢ but. in it f{] —2) remains completely general. The ap-
proximation to the temperature integral is: —

r
J exp(—-EkTMT x _i O 2320457 EAT) 8)

[ ]
so that from (4)

log @, + O.4SN(E/k)T, = log ¢, + O.45NE/K)T, 9

where T, and T, are taken at an arbitrary but identical value of 2 in the two curves
corresponding to heating rates @, and ¢,. Plotting log @ rs. 1/7 for selected values
of 2 should therefore produce straight lines, the slopes of which give £ [40].

Three comments are appropriate here. By comparing (8) with tabulated numer-
ical values, we see that it is 7% outat w = 100r 7 = 1170K, and 3% and less only
for T < 720K (if E = | eV). These errors should be examined before Ozawa's
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method is applied. Secondly, the method has been modified [41] to read, in place
of (9).
A'n/AT,! = 0457 Elk (10)

in which din¢ = Ing, — In@,. etc., and m denotes, as before, peak quantities.
This relation may be compared with (6) but in general it does not hold since, as
shown in the Appendix. x,, varies with ¢. Lastly, like Kissinger's method. E cannot
be determined from data at a single ¢. and in some cases this may be adisadvantage.
as discussed before.

Derivatire methods

The derivative methods offer an advantage over those described above in invok-
ing no mathematical approximations. Unfortunately, they use & data which, with
present instrumentation, tend to be of lower quality whether they are obtained by
numerically differentiating the 2 data or are direct experimental read-outs.

The most straightforward. but as it stands relatively inefficient. of the derivative
methods is to write (2) as: ~

In(@g/fil—-2) = n K, - E/kT (1

and to substitute different of (1 — ) until a linear plot appears [42). Later, we shall
argue, however, that even this labor omnia vincit approach like all dynamic meth-
ods in general. cannot guarantee correct values of £ and K, (nor an unambig-
uous form of f{1— %) in this specific case), although the labour it involves may be
undertaken by the computer.

The earliest derivative method is probably that of Borchardt and Daniels, origi-
nally formulated for homogeneous reactions in the liquid phase [43] but later extend-
ed to solid-state reactions [44) for which it is now frequently used. The method
puts f{l —a) = (1 -2)" into (1 1), with n given a guessed value, and if a linear plot
results then £ and K, are obtained from it. Based oa this method. Hauser and
Field {45]) have developed a computer procedure, in which plots are generated for
a series of values of n incremented at discrete steps. and the *best’ one is then se-
lected to yield E. K, . and n. An attraction of this method is that n can be readily
selected by eve. Alternatively, since in this case

4inx 4In(l —3) = —(EL[AT " AIn(1~2))) + n (12)

a plot of the L.H.S. 5. the quantity in the square brackets at once gives £ from the
slope and n as the 1-intercept [47). If constant 4ln3. 4in(1 —2).or AT~ 'is selected.
Eg. (12) can be further simplified [61). We have emphasized previously the falli-
bility in presuming such a convenient form of f{] —x): Ozawa [47) has commented
on the possibility that this procedure. and the integral method of Coats and Red-
fern. may give false values of £ and K, . In addition. since (12) involves the ratios
of differences. the quality of data called for is even higher than that demanded
alone by the use of 4. experimental data so plotted more often than not show very
large scatter. The Rogers and Morris method [48) plots Alnx rs. T~ '. and can be

seen to be the special case of n = 0 in (12). An example of the general danger that
very linear plots may sometimes appear even if the applied method is not valid is
given by Patel and Chaudhri. The Rogers ard Morris method was used to analyze
DSC data on lead azide. and a straight line resuits although the caiculated £ turns
out to be 180°, larger than the Ozawa value [49]. Conversely. the coincidence of
values calculated by various methods need not prove that these methods are all
applicable to the case in hand. A counter-example is provided by a DSC study on
RDX (29]. where the Rogers and Morris value agrees well with other values’but
the compl:x decomposition is beyond doubt far from the # = 0 type.

d
On the other hand. Ddvid and Zelenyanszki [50) plot In“ dr ( -—z)'/(l-:)]

against (7 '): this amounts to assuming a ‘reaction order’ n = {. It serves as yet
another example of the futility of linear plots. for their method gives such plots for
the decomposition of ‘a wide range of materials’ including calcium oxalate and
polyethylene which. most likely. are not of first or any other “order’.
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Some of the integral and derivative methods described in the foregoing have been
compared by testing their accuracies on synthesised DTA data (exact as well as
with artificial random error) for one E value and temperature range. the reaction
considered being of the type with a reaction order [51]). Among the methods not
included there is that due to Friedmann [52]. It probably is the most general among
the derivative methods. Like Ozawa's procedure. it makes no assumption about
(I —2), although it requires & data which. furthermore. have 10 be at a number of ¢.
Once again. from (2) with dx/d7 = 2":

In(x"¢) = In(K, il ~2)) — E/KT. (13)

Since K, /(1 —2) is identical for the same value of x, taking x™ and the correspond-
ing T from several ¢ one can determine E.

1t is our contention thateven Friedmann's method has one basic limitation which.
more signiticantly. is shared by all dynamic methods described above. The point
in question is that all of them have to presume the constancy of /(1 — x) as the tem-
perature is changed. However., since mechanisms of solid-state reactions are gener-
ally complicated. there is no general justification for this presumption, though it
may be true for particular reactions within specific tempzrature ranges. An illustra-
tion is the case where parallel reaction paths exist, each with values of K, and E
such that a quantitative change of T will lead to a qualitative change in the dominat-
ing path. Another case is where the identification of the rate-limiting step depends
on 7. Methods have been proposed which, by the use of computers, try different
forms of /{1 —2) in analyzing the dynamic data [53—55). However, the search is
limited to functional forms which are already known.

More importantly, from our own experience with azides we have strong doubts
as 1o the exactness in determining /{1 ~ %) or even its constancy from dynamic data.
Likewise, in a study on the dehydration of manganese formate [54] for instance.
no unique form of f(1 —a) and correspondingly no unique values of £ are identified
even over appropriately restricted ranges of a, the criterion used being minimum
standard deviation in the Arrhenius plot. Further examples are the thermal dehy-
droxylations of kaolinite [34] and of magnesium hydroxide {56]. We suggest that,
in dynamic experiments since data are collected under variable temperature condi-
tions, the change due to f(1--«) isinherently masked by that due to K(T).This pitfall
is illustrated in the Figures. Figure la shows the graphs of 2(7) and its derivative
which are generated artifically according io the theoretical equation a7 = K,

10077, K
1.70 1.80 1.90 2.00 20 2,207

o, 0, arbitrary umts

L i Asddidals L :
0 . —
480 480 S00 520 S840 560 %60

Temperature, K

Fig. la. Artificial data ¥ = K7, and corresponding 2 = d»/dT data, plotted ‘against T which
rises linearly with ¢ )
Fig. 1b. Arrhenius plots of: (1) a’/3(1 ~ 2)*% (2) 27/2(1 — 2)V'%, (3) +/. and |(4) 2"/3ap
for the data shown in Fig. 1a
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exp { —E/kT) throughout from x = Oto « = 1. The values chosen for X, and E are
10% and leVrespectively. Let us now examine how the data generated according to
this relation, which is of the type x = K, will be fitted by differentkinetic equations,
one of them being the correct one. In Fig. b we plot against 10Y7 the natural
logarithms of the following expressions: —

N 2T/3(1 - 2)%3, ie. assuming 1 — (I—2)'* = Kr: reaction controlled by
three-dimensional contraction of phase boundary:
) 272(1 —2) ie. 1 — (1—2)* = Krtype:

3 17: the original assumption: and
- 2![32%%, i.e. a = (K1)*: reaction controlled by e.g. three-dimensional
growth of existing nuclei.

1t is seen that the incorrect /{1 —2) in (1) and (2) still give virtually linear plots, with
slightly different slopes: interestingly, curve (4) is so misleading as to show two
“linear™ segments with a seemingly significant transition in between. Experimen-
tally, Guarini et al. [57] have noted that it is impossible to ascertain from their DSC
data whether the monomerization of 9-Me-10-AcAD has an apparent reaction
order of 1, 0.67, or 0.5, in all of which cases E has about the same derived value.

The suggested approach

In the foregoing sections, we have discussed the limitations regarding the applica-
bility of various methods that have been used to analyse dynamic data. In many
published works we find that often a number of apparently different methods are
used to analyse the same set of data. However. we think that in many cases this
procedure is of no real significance. when some of the methods used are mathemat-
ically equivalent and therefore lead to the same results, or when some are invalid
in the given situation and thus lead to doubtful values. The limitations of the meth-
ods express themselves both as discrepancies in the calculated values of the kinetic
constants, and sometimes as fortuitous agreements when some of the methods are
certainly inapplicable. (An extreme example of the second situation is that. for
RDX. the Kissinger value [29] of E is near to that obtained [58]) by plotting
x rs T™'. a procedure which has absolutely no theoretical justification.) Accord-
ingly. we suggest that the interpretation of dynamic data should as far as possible
be based on results from isothermal experiments. A similar approach has been
used for studying the dehydroxylation of kaolinite by Achar. Brindley and Sharp
[63].

One can unambiguously determine /{1 — 2) over the whole range of x and over
the refevant temperature range, from the independent analysis of individual iso-
thermal curves. A systematic method of efficiently implementing this identification
has been proposed by us [3]. It may also be noted that thermoanalytical equipments
are equally applicable in isothermal experiments (see e.g. [62]) though they are
more often used in the dynamic mode. The identified form(s) of A1 —x) can then
be substituted into either (2) or (4). In this way. form the dynamic « or & data one
can then determine accurately the non-average and single-sample values of £ and
K, : advantages which have been mentioned in the introduction to this paper.
Moreover, the values will correspond individually to different heating rates.

We applied this approach to the spinel formation ZnO + Cr,0; — ZnCry0,.
A DTA curve (experimental atmosphere: N, at 300 mm mercury) was published
in Ishii ef al. [59]. who have also monitored x(7) by chemical analysis when the
reaction proceeded isothermally in nitrogen flowing at S0 mi/min, and showed
that the isothermal data fit [} — (1 —)'?)? = Kr. We have measured K from the
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Table |

Isothermal data

T K

dez.‘ C relative units In K
800 1 0
900 4 1.4
1000 23 31
Table 2
Dynamic data
!, ' 2 7 n{aes g}
deg. U relutive anis A i ay '
700 0.1 2 ~2.6
820 0.15 4 ~1.4
900 0.2 7 ~0.54
1000 0.35 12 +0.76

experimental data points at ¢ = 20 min in the published isothermal plots. From
these values of K, given in Table 1, we calculate a value of 1.5 eV for E.

in Table 2 the values @ were measured from the published DTA curve whose
heating rate was unspecified, and the a values were read off from the (x, T) graph
which Ishii et al. have drawn presumably by integration. Now, from their analysis
of the isothermal data the governing kinetic equation is, in differential form, & =
= K/[(} ~2)" ¥ — (1-2)""3), at least within the ranges 800— 1000° and « from
0to = 0.6 corresponding to K7 = 0to = 0.07. The Arrhenius plot of & (1—a)~*?
{(1—2)""* - 1], for the four data points shown in Table 2, is indeed a good
straight line. From the plot we obtain £ = 1.3 eV. In view of the probable experi-
mental errors and inaccuracies in obtaining data from the published graphs, we con-
sider satisfactory the reasonable agreement between this value and the one calculat-
ed from the isothermal data.

Conclusion

Most of the commonly used methods of analyzing dynamic data have been shown
to be applicable only under particular conditions. It has been pointed out that to
use these methods without considerations of the range of their validity can give
misleading values of the kinetic parameters. An approach has been advocated in
which use is made of both the dynamic and isothermal data: the functional form
Sl ~2) is determined from the isothermal experiments. This form in conjunction
with the dynamic data, gives the values of the kinetic constants.

-

We would like to thank Drs. J. E. Fie'd :nd H. M. Hauser for discussioas and comments.

Ils'he work ans su:pomd i;mpa;t by the S.R.C.. and the U.S. Gove-nment through its
uropean Research Office. nks are also due to P.E.R.M.E. for a 1

studentship of one of us (T.B.T.). rant covering the

51,




52.

Appendix

We wish to predict how the value of x at peak reaction rate varies with the heat-
ingrate ¢. Atx = a,,: from(4)

m Twm
dax K, i
2 2 - = Fla,. ¢. Ty) = i
)i e JdTexp( E/kT)= F(a,. ¢. T,) = 0 |
0 T. (14 5
and from the fact that ¥ = 0 i
E EIKT
fll—zy - £ 2 XPERT o 6.T.) = 0. (15)

kTE

"

K,
Solving the simultaneous cquations dF = 0 and dG = 0. we find
da,, [F G OF G

dp o T, 0T, 0O

cF 0G oF G (16)
T, fa, 0, AT, ,'

Defining dimensionless quantities U = E/kT,,. u= ¢/K,T,. and Na,) = \M
daff(1 - 2). we have the following: ¢

¢F t G

' &y f-3,) " = )

ig = —g; :'chxp( U) = i(.:;ﬂ ‘:_g = l‘_df exp(U).

((TF I&pTIJ)'r;' ;TGM = ;{y(;::i/) exp(U). (1M
; Hence %ﬁ Z UG +h¢(12) fJ(r;(:):Sml; (Il_,m,,,, (18)

where h = pu exp (U). Incidentally, d7,,/dé czn te derived in a similar way.

The only case we find rcported in the literature, in which a,, is apparently inde-
pendent of ¢, is the primcry recrystallization cf prc-ccmprcsscd coprer {60). where
%, = 0.5. In all other cases, experiments give changing 7,,. We have made a rough

- check on (18) by taking the case of the decomposition of the explosive RDX [29].
i for which the Rogers and Morris method gives E = 2.10 eV and K, = 10843,
1 The reaction is complex, but these representative values are chosen because they
. correspond to an assumed kinetic equation in which f{1—2) = 1. We thus have
5 very simply /(x,,) = %,, andf"(1 —a,,) = 0. For ¢ = 0.167 K 573, ,, is given as 0.62 ,

A and 7,, as 512K our calculation shows dx,/d¢ ~ —0.]1 s K~'. a value which
& compares well with the experimental indication that 4a,/d¢ = (0.60 — 0.62)/

3 /(0.333 — 0.167)s K™ ".
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